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Introduction 
Cytoplasmic movement 
Active movement is a typical phenomenon of living organisms, but not all 
movements are visible At the microscopic level, one can observe movements of single 
cells, of chromosomes during nuclear division and of various cytoplasmic structures 
(Lackie, 1986, Alberts et al 1989, Bray, 1992, Gorbsky, 1992) The latter is known as 
cytoplasmic streaming or cyclosis m plant cells The first known paper to describe 
movement of cellular contents was that by Corti (1774) "Osservazioni microscopiche 
sulla tremella e sulla circolazione del fluido m una pianta acquajuola" In this book, 
Corti desenbes the movement of organelles and the circulation of the 'fluid' m the alga 
Chara spec Smce these days, the movement of cytoplasmic components has never 
ceased to fascmate scientists (e g Amici, 1847, Iwanami, 1956, 1959, Kamiy, 1959, 
1981, Weiss et al 1986, Hayden, 1988, Kuroda, 1990, Foissner et al 1996) 
The velocity of movement m the cytoplasm of eukaryotic cells is highly variable 
it normally is about 0 2-0 4 μπι/s m animal cells (Hayden, 1988, Alexandrova et al 
1993) and between 1 and 4 μηι/s m plant cells (Kuroda, 1990, Emons et al 1991, 
Ayling and Butler, 1993, Williamson, 1993) The fastest movement recorded m animal 
cells is probably the anterograde axonal transport of synaptic vesicles in nerve cells 
with a velocity of up to 5 μπι/sec (Heidemann, 1990, McLane et al 1992) In plants, 
velocities of up to 75 μπι/sec may be observed, like in the characean algae Chara and 
Nitella (Kamiya, 1981, Shimmen, 1988, Kuroda, 1990, Williamson, 1992, Shimmen 
and Yokota, 1994) The vigorous cytoplasmic streaming in plant cells is supposed to 
have evolved as an answer to the ineffectiveness of mere diffusion for the distribution 
of metabolic and nuclear products mside cells exceeding 10 ц т in size Generally, the 
larger the cell, the faster and more extensive are the movements of its cytoplasm 
(Alberts et al 1989) 
The present thesis concerns the movement of the cytoplasm and its organelles m 
plant cells, especially m growing pollen tubes of tobacco (Nicotiana tabacum) and 
рте (Pinus sylvestris) This chapter introduces three basic aspects of the phenomenon 
cytoplasmic movement is *) organised mto patterns, and is dependent on the 
interaction between **) the cytoskeleton and ***) motor proteins An overview of 
these aspects in the object of study, pollen tubes, is also given The final section of this 
introduction explains the background and the motives which lead to the present study 
on organelle movement 
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Patterns of cytoplasmic movement 
Traditionally two major patterns of cytoplasmic streaming have been recognized 
in cells of higher plants: rotation and circulation (Kamiya, 1959). Rotation is the one-
directional movement of peripheral plasma around a large central vacuole. It is 
commonly seen in medium sized, isodiametric cells, like cells of Elodea canadensis 
leaves. Circulation is the movement of cytoplasm in various directions along the cell 
wall and in strands that may cross through vacuoles. Circulation is the most common 
and basic type of plasma streaming and often seen in non-isodiametric cells. Fountain-
like and reverse fountain-like streaming patterns are specialised forms of circulation 
(Kamiya, 1959). They generally occur in tip-growing tubular cells with (numerous) 
small vacuoles, for example root hairs and pollen tubes (Iwanami, 1956; Emons, 1987; 
Heath, 1990). Reverse fountain-like streaming is a common pattern in pollen tubes and 
root hairs: the cytoplasm streams towards the growing tip at the cells periphery, and 
towards the basis of the tube in the central region. Streaming mainly occurs in well-
discemable lanes. The patterns mostly change to circulatory movement when the cells 
become older and more vacuolated. In pollen tubes, reverse fountain-like streaming 
represents a juvenile trait (Iwanami, 1956; Derksen et al. 1995b). Other known 
cytoplasmic streaming patterns are tidal streaming (a bulk aero- or basipetal flow like 
the tide), shuttle streaming (a rhythmic movement of a large volume of cytoplasm), and 
cytoplasmic streaming along definite linear tracks (Kamiya, 1959, 1981; Killich 1994). 
The last three patterns occur in algae or myxomycètes, but not in higher plant cells. 
The morphology of the plant cell and its vacuole(s) and nucleus set limits to the 
space available for the cytoplasm, and therefore also to the possible streaming patterns. 
The nucleus seems often to be firmly anchored and unaffected by the surrounding 
cytoplasmic streaming, which is assumed to be responsible for the transport of nuclear 
products towards the cell periphery. A large central vacuole is strongly associated with 
rotational streaming of the peripheral plasma. A tubular cell shape is the only 
morphology compatible with a fountain-like or reverse fountain-like streaming pattern. 
The vacuoles may be sometimes mobile and follow the streaming pattern, like in 
pollen tubes. 
Already Corti (1774) made a difference between the movement of the cellular 
fluid (the cytosol) and the movement of particles (organelles) therein. Two types of 
movement which describe the behaviour of individual particles rather than a bulk flow 
have been recognized decades ago: Brownian and saltatory movement. Brownian 
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movement is the non-directional vibrating movement of small particles caused by 
thermal agitation only (Kamiya, 1959; Rebhun, 1972). This physical phenomenon is 
also observed for particles in living cells. Saltatory movement is the discontinuous and 
jump-like movement of particles interrupted by periods of either inertia or Brownian 
movement (Rebhun, 1959, 1972). The introduction of video-microscopy techniques 
has been crucial to the study of movement of single organelles (Inoué 1981, 1986; 
Allen et al. 1981; Weiss and Galfe, 1992; Shotton, 1993; Lichtscheidl and Foissner, 
1996). When this technique was applied to cells of higher plants, it was found that 
organelles move in a highly individual way: organelles were seen to move at different 
velocities, pass other organelles or collide with an oncoming organelle, sometimes 
stopping on their way or even reversing their direction of movement (Emons, 1987; 
Heslop-Harrison and Heslop-Harrison, 1987, 1988, 1990; Lichtscheidl and Uri, 1987; 
Lichtscheidl and Weiss, 1988; Pierson et al. 1990; Emons et al. 1991). 
The cytoskeleton 
All eukaryotic cells are provided with a scaffold, known as the cytoskeleton, 
which supports their internal organisation. The cytoskeleton consists of three types of 
filaments, namely microtubules, actin filaments and intermediate filaments which are 
only found in animal cells (Dustin, 1984; Bershadsky and Vasiliev, 1988; Alberts et al. 
1989; Sheterline and Sparrow, 1994; Georgatos and Maison, 1996). The genes coding 
for tubulins -forming microtubuli- and for actins -forming actin filaments (also called 
microfilaments)- are highly conservative, indicating a strong evolutional pressure and 
thus these genes must be considered of fundamental importance to the eukaryotic cell 
(Hightower and Meagher, 1986; Bums, 1991, 1995; Sheterline and Sparrow, 1994). 
The various properties of microtubules and actin filaments in plant cells have been 
extensively studied and reviewed (Derksen et al. 1990; Meagher and McLean, 1990; 
Staiger and Lloyd, 1991; Tiezzi, 1991; Pierson and Cresti, 1992; Lambert and Lloyd, 
1994; Sheterline and Sparrow, 1994). A range of associated proteins has been 
identified that facilitate many of the functions of the cytoskeleton in the cell (Burner 
and Kirschner, 1991; Wiche et al. 1991; Bershadsky and Vasiliev, 1988; Hartwig and 
Kwiatkowski, 1991; Rosycki et al. 1994; Hatano, 1995). Only a few associated 
proteins have been identified in plants so far, though it is generally expected that most 
associated proteins from animals may be found in a more or less modified form in 
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plant cells (Derksen and Emons, 1990; Derksen et al. 1990, 1995b; Emons et al. 1991; 
Staiger and Lloyd, 1991; Pierson and Cresti, 1992; Lambert, 1995). 
In plants, microtubules are mainly found in cortical bundles, closely associated to 
the cell membrane (Lloyd, 1983; Traas et al. 1985; Derksen et al. 1985, 1986; Pierson 
et al. 1986; Emons, 1987; Strömgren Allen and Brown, 1988; Tiwari, 1988; Zhang et 
al. 1990, 1993; Hepler et al. 1993; Wasteneys et al. 1993; Lambert and Lloyd, 1994; 
Aström et al. 1995). There is no direct evidence that microtubules carry organelle 
movement, in contrast to animal cells (Koles et al. 1982; Allen et al. 1985; Breuer and 
Atkinson, 1988; Gulden et al. 1988; Hayden, 1988; Kreis et al. 1989; Thaler and 
Haimo, 1996). Microtubule degrading drugs do not effect cytoplasma streaming in 
plants (Kuroda, 1990; Emons et al. 1991; Williamson, 1993; Miyake et al. 1995), also 
not in pollen tubes (Heslop-Harrison and Heslop-Harrison, 1989a; Pierson and Cresti, 
1992; Aström et al. 1995). Only in Tradescantia staminal hairs the microtubule 
depolymerizing drug Oryzalin was reported to inhibit plasma streaming (Salitz and 
Schmitz, 1989), but the effect might be secondary through loss of stabilisation of co-
localizing actin filaments. However, microtubule degrading drugs perturb the 
organisation of the cytoplasm (Joos et al. 1994), indicating a responsibility for the 
internal anatomy of the cell, i.e. the spatial fixation of nuclei, vacuoles and possibly 
other organelles in the cytoplasm. Microtubuli are also involved in the processes of 
cell division and cytokinesis (Bershadsky and Vasiliev, 1988; Lloyd, 1989; Derksen et 
al. 1990; Zhang et al. 1990; Staiger and Lloyd, 1991; Cleary, 1995; Hepler et al. 
1993). 
Actin filaments are found throughout the plant cell, either in bundles or as single 
filaments (Perdue and Parthasarathy, 1985; Pierson et al. 1986; Seagull et al. 1987; 
Staiger and Schliwa, 1987; Heslop-Harrison et al. 1988; Tiwari and Polito, 1988; Tang 
et al. 1989b; Schmit and Lambert, 1990; Ding et al. 1991; Hepler et al. 1993; Zhang et 
al. 1993; Cleary and Mathesius, 1996). Actin filaments or microfilaments often co-
localize with microtubules to whom connections are regularly found (Tiwari, 1988; 
Lancelle and Hepler, 1988, 1991, 1992; Pierson et al. 1989; Kengen and de Graaf, 
1991; Derksen et al. 1995a). Actin filaments probably play a role in positioning the 
nucleus (Staiger et al. 1994) and in cell division (Zhang et al. 1993; Cleary et al. 1992; 
Cleary, 1995), but their most prominent function in plant cells probably is to enable 
organelle movement, as known by the following observations. Firstly, the distribution 
of actin filaments always reflects the pattern of cytoplasmic streaming (Seagull and 
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Heath, 1980; Kuroda, 1990; Heslop-Harrison and Heslop-Harrison, 1992; Pierson and 
Cresa, 1992; Shimmen et al. 1995). Secondly, drugs that block the function of actin, 
like cytochalasins (Cooper, 1987), cause cessation of cytoplasmic streaming (Franke et 
al. 1972; Mascarenhas and Lafountain, 1972; Seagull and Heath, 1980; Picton and 
Steer, 1981; Shimmen, 1988; Lancelle and Hepler, 1988; Heslop-Harrison and 
Heslop-Harrison, 1989b, 1991; Heslop-Harrison et al. 1991, Salitz and Schmitz, 1989; 
Kuroda, 1990; Emons et al. 1991; Tiezzi, 1991; Pierson and Cresti, 1992). Thirdly, 
isolated organelles from pollen tubes are able to move along characean bundles of 
actin filaments under physiological semi-in-vitro conditions (Kohno and Shimmen, 
1988a). Fourthly, crude extracts of pollen tubes were effective in moving actin 
filaments labeled with rhodamine-phalloidin along a glass surface (Kohno et al. 1991). 
Finally, filamentous structures (Lichtscheidl and Uri, 1987; Lichtscheidl and Weiss, 
1988; Emons et al. 1991), in particular actin filaments labeled by fluorescently marked 
phalloidin (Miller et al. 1996), were shown to co-localise with tracks of moving 
organelles in living plant cells. Actin-dependent organelle movement is also detected 
in animal cells (Kuznetsov et al. 1992; 1994). In the next paragraph, the contribution 
of myosin as force generating protein will be discussed. 
Motor proteins 
It is well established that all movement along actin filaments, including the 
movement of muscles (Sheetz and Spudich, 1983a, 1983b; Spudich et al. 1985), is 
generated by myosin molecules. At present, at least twelve different forms of myosin 
have been identified altogether, primarily on their shape, origin and binding sites for 
cellular structures like actin or membranes (Hammer, 1994; Miller et al. 1995; Cheney 
et al. 1993). Basically, a myosin molecule consists of a rod-like tail protein connected 
to one (e.g. myosin-I and V) or two (myosin-II) globular head units. The specific 
binding sites for the various surfaces to which myosin may bind are located in the 
variable tail protein. The ATPases are located in the globular heads that facilitate 
changes in conformation of the molecule, followed by a displacement of the entire 
molecule and any structure attached to it (Lackie, 1986; Pollard et al. 1991). The exact 
nature of the conversion of chemical into mechanic energy, however, is not yet known 
(Kishino, 1988; Leibler and Huse, 1993; Jiang and Sheetz, 1994; Maddox, 1994a, 
1994b; Spudich, 1994; Leibler, 1994). 
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Myosin movement over actin filaments always occurs from the minus to the plus 
end, thus the direction of movement is determined by the actin filaments. The 
movement of myosin carrying organelles over actin filaments is known as 'gliding'. It is 
unknown whether these organelles simply glide over the actin filaments like a bike 
over a road, or whether they 'roll' over the actin filaments like a ball. The latter 
apparently is excluded for the larger non-isodiametric organelles (Pierson et al. 1990; 
Emons et al. 1991), but might be expected for small globular organelles. Another type 
of movement is 'sliding', where actin filaments move among each other, carrying with 
them any organelle or structure attached to one of the filaments. The energy of one 
stroke of skeletal muscle myosin is enough to move a single small vesicle (Kishino and 
Tanagida, 1988; Jiang and Sheetz, 1994), indicating that the density of myosin 
molecules on a particular cellular structure may be low and that their presence may 
easily escape microscopic detection. 
Biochemical and immuno-histochemical studies showed the presence of a 
number of different myosin molecules in various plant cells that are primarily located 
on the surface of cellular structures (Parke et al. 1986; Tang et al. 1989a; 
Heslop-Harrison and Heslop-Harrison, 1989c; Kohnoetal. 1990a, 1990b, 1992; Liebe 
and Quader, 1994; Yokota and Shimmen, 1994; Miller et al. 1995; Yokota et al. 1995). 
The involvement of myosin in organelle movement is also in agreement with the 
sensitivity to N-ethyl maleimide, high levels of Ca2+ and to calcium buffers (Hepler 
and Wayne, 1985; Kohno and Shimmen, 1988a, 1988b; Kohno et al. 1991; Miller et al. 
1992; Hepler et al. 1994; Pierson et al. 1994, 1996) It is generally accepted that the 
interaction between myosin and actin molecules is calcium dependent. Also a number 
of non-myosin proteins which interact with either actins or myosins have been found 
in various systems, though seldom in higher plants (example: profilin Valenta, 1991, 
1992; Grote et al. 1995; Mittermann et al. 1995); these proteins may be directly or 
indirectly involved in the regulation of any movement in the cytoplasm (Hartwig and 
Kwiatkowski, 1991; Cramer et al. 1994; Rosycki et al. 1994; Staiger et al. 1994; 
Hatano, 1995). 
The motor proteins that mediate microtubule based organelle movement in 
animal cells are kinesins and dyneins (Walker and Sheetz, 1993; Thaler and Haimo, 
1996). Proteins resembling kinesin (Tiezzi et al. 1992; Cai et al. 1993; Liu and 
Palevitz, 1996) and dynein (Moscatelli et al. 1995; Moscatelli et al. 1996) were 
detected in pollen tubes, but the functionality of these putative motor proteins has still 
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not been established by motility assays. Alternative functions that are suggested for the 
kinesin- and dynein-like proteins are an activity during nuclear and cellular division, 
the generation of movement of structures that are undiscernable even in the most 
advanced light microscope, or a connection between microtubules and membranous 
surfaces. Kinesin and dynein-like proteins may also represent evolutional remnants of 
long lost cilia and flagellae (Cai et al. 1996). 
Pollen tubes 
Pollen and pollen tubes are the vectors carrying the male sperm cells in seed 
plants. The pollen tubes grow through the style to the ovule, where the sperm cells are 
delivered to the egg cells in the embryo sacs (Linskens, 1967). Pollen tubes are among 
the fastest growing plant cells as they can reach a size of several centimeters within a 
few days, while they exclusively show tip growth (Emons et al. 1991; Pierson and 
Cresti, 1992; Mascarenhas, 1993; Derksen et al. 1995b). Pollen can also be grown in 
vitro in relatively simple media (Iwanami, 1956, 1959; Brewbaker and Kwack, 1963; 
Linskens, 1967; Stanley and Linskens, 1974) though the growth patterns may differ 
from those in vivo (Pierson and Cresti, 1992; Derksen et al. 1995b). Pollen tubes grow 
almost synchronously in vitro and can be studied for relatively long periods in the light 
microscope, without showing signs of deterioration. Pollen tubes may be practically 
used as single cell system. 
During growth, secretory vesicles derived from the dictyosomes fuse with the 
plasma membrane in the tip and deliver both wall and membrane material (Picton and 
Steer, 1981; Steer and Steer, 1989; Pierson and Cresti, 1992; Derksen et al. 1995a). 
The large amount of vesicles in the tip was described as clear zone or cap block by 
many authors (Iwanami, 1956, 1959; Derksen et al. 1995b), and excludes almost all 
other organelles from the tip. While secretion is localised to the tip, endocytosis occurs 
probably mainly in the first 30 цт behind the tip (Derksen et al. 1995a). An uneven 
and zonated distribution of mitochondria, endoplasmic reticulum (ER), dictyosomes, 
lipid bodies and vacuoles was described also (Cresti et al. 1977, 1985; Reiss and 
Herrn, 1979; Uwate and Lin, 1980; Steer and Steer, 1989). A recent quantitative 
analysis of electron microscopic preparations from freeze-fixed and freeze-substituted 
tobacco pollen tubes, however, could reveal a light zonation only of dictyosomes, 
coated pits, rough ER and possibly smooth ER (Derksen et al. 1995a). The latter has 
also been clearly observed in lily pollen tubes (Lancelle and Hepler, 1992). 
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The first demonstration of the presence of actin filaments in pollen tubes was 
given by Condeehs (1974), who applied heavy meromyosm decoration to Amaryllis 
belladona pollen tubes The presence of actin filaments m pollen tubes has been shown 
with electron microscopic studies and fluorescence microscopy usmg either anti-actin 
antibodies or fluorescently labeled phalloidin (reviews Steer and Steer, 1989, Pierson 
and Cresti, 1992, Mascarenhas, 1993, Derksen et al 1995b) All studies show achn 
filaments m arrays mainly longitudinal to the axis of the pollen tubes Further 
immunological and biochemical studies showed the abundant presence of actms m 
pollen tubes (Tang et al 1989a, 1989b, Liu and Yen, 1995, Som et al 1996) The 
presence of actin filaments m the tip is still a matter of debate A fine network of actm 
filaments was observed m several studies employing antibody or phalloidin labeling 
after aldehyde fixation or permeabihzation However, in situ labeling m living and 
growing pollen tubes and lmmunogold-labeling following freeze-fixation clearly 
indicates the absence of actm filaments m the vesicle-nch zone m the up (Miller et al 
1996, for effects of preparation techniques see Dons and Steer, 1996) The high tip-
focused cytosolic Ca2+ gradient m growing cells (Miller et al. 1992, Hepler et al. 1994, 
Pierson et al. 1994, 1996, Malhó and Trewavas, 1996) possibly prevents the 
polymerization of actin m the tip (Kohno and Shimmen, 1987, Pierson et al 1994) 
In 1989, the first two reports were published on antibodies against myosm-II that 
recognized organelles and/or the surface of the generative cell (Heslop-Harnson and 
Heslop-Hamson, 1989c, Tang et al 1989a) Meanwhile, a number of myosms m 
pollen tubes was isolated, characterized and localized with greater accuracy (Kohno et 
al 1992, Yokota and Shimmen, 1994, Miller et al 1995) Immunocytochemical and 
competition experiments by Miller and coworkers (1995) provided a model on the 
following types of myosins that occur m pollen tubes of various species 
Myosm LA and IB 
Myosm heavy chain 
Myosm II 
Myosm V 
(subtype of myosm I) 
Molecular weight 
125 KDa 
170 KDa 
205 KDa 
± 190 KDa 
Putative motor for 
generative cell, vegetative 
nucleus, larger organelles 
translocation of rhodanune-
phalloidin labeled actin filaments 
larger organelles 
organelles less than 0 5 цт 
in diameter 
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The movement of particles in growing pollen tubes was first observed by Amici 
(1847). Much can still be learned from the detailed descriptions published by Iwanami 
in the fifties of this century (Iwanami, 1956, 1959), which illustrated the vigorous 
reverse fountain-like cytoplasmic streaming. Recently, video enhanced microscopy has 
been used to study the movement of organelles in young pollen tubes of various 
species growing in vitro (reviewed in: Pierson and Cresti, 1992, see also Emons et al. 
1991; Cai et al. 1996; Doris and Steer, 1996). From these studies the following overall 
picture emerges: organelles move as single particles in acropetal and basipetal 
direction along fast and slow lanes in the tube region. The secretory vesicles in the tip 
region do not participate in the vectorial flow but show an agitated Brownian-like 
movement (Herth, 1985; Pierson et al. 1990,1.K. Lichtscheidl, E.S. Pierson, J. 
Derksen and A.H.N, de Win, unpublished observations obtained with UV-
microscopy). 
Physiological pertinence of cytoplasmic movement: objectives 
The general patterns of cytoplasmic movement that have been described in plant 
cells suggest continous streaming throughout the cell. Many cells, however, maintain 
localised processes that require specific transports or show specific organelle 
distributions, like pollen tubes. This raises the question how the two processes are 
related. Further, close observation of the cytoplasmic movement reveals highly 
individual organelle movements. The question of the motility of individual organelles 
on the one hand and general streaming on the other hand is pivotal, because for both 
the same actin filaments are assumed to be the bases. Analysis of the dynamics of 
single organelles and its relation to the general streaming pattern therefore is most 
necessary. In addition, such data could elucidate further questions about the presence 
of (temporal or spatial) regulation or effects of the environment, like steric hindrance 
or friction. Little information on these questions is found in former studies; no reliable 
data are available on velocity and pattern of individual movements of organelles from 
sufficiently large samples. 
These particular questions initiated this thesis. They will be addressed by 
providing a quantitative and detailed analysis of the basic phenomenon, that is the 
individual organelle movement pattern. Chapter 2 describes the video-microscopy and 
digital -semi-automatic- method which was developed for the acquisition of a large 
number of data on the positions of organelles in tobacco pollen tubes. The data on 
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organelle positions were analysed, applying mathematical methods known from the 
literature (Chapter 3), as well as by usmg two new approaches, which were especially 
designed for this study on pollen tubes Arithmetical dissection of organelle movement 
(Chapter 3) and Region-based curve analysis followed by classification (Chapter 4) 
Chapter 5 adds a supplementary dimension to the study by focusmg on the behaviour 
of organelles m pollen tubes of a Gymnosperm, ι e pine, which shows a totally 
different growth mode than tobacco 
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Abstract 
A procedure to collect large amounts of positonal data on organelles is 
described. Unstained organelles in living and growing pollen tubes were recorded with 
video enhanced contrast-differential interference contrast microscopy and measured using 
a Video Image and Data Analysis System (VIDAS). The recordings were converted into 
sequences of digital copies of every sixth or tenth frame using the VIDAS frame grabber. 
The particle centre's were marked interactively and the xy pixel coordinates were used to 
calculate the position of the particle in the cell, its covered distance and initial velocity. 
Cellular positions were based on a coordinate system with the long axis of the pollen tube 
taken as the x-axis and the tubes tip as the origin. The reliability of the data is discussed. 
The minimum detectable distance between two organelle positions was about 0.03 urn, that 
is the width of a pixel on the VIDAS screen. The error made in determining the 
coordinates of the organelle centres was of the same magnitude (0.03-0.04 urn), and the 
error in the calculated velocity values was about 0.12 um/s. These values are small as 
compared to the average diameter of the organelles (0.40 цт), which indicates that the 
positional data are highly reproducible. Organelles were visible over a distance between 
0.6 and 0.8 urn in the z-direction. Statistical evaluation of the sample size showed that 
more than 150 organelle trajectories were needed for samples with highly variable 
velocities in order to ensure statistical reliability. 
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Introduction 
Organelle movement m m vitro growing pollen tubes (Steer and Steer, 1989, Derksen 
et al 1995, see also chapter 1 of this thesis) has been the subject of numerous qualitative 
studies (Heslop-Harnson and Heslop-Harnson, 1987, 1988, 1990, Pierson et al 1990) In 
order to get better information about the underlying structural and functional mechanisms 
providing for the observed phenomena, quantitative data were necessary Our aim therefore 
was to design a quantitative analysis applicable to both individual organelle pathways and 
general movement patterns m these cells The value of such a quantitative analysis depends 
on precision, standardisation and dimensions of the data, which have to be extracted from 
live, dynamic, and microscopic events 
Early methods to record motility in a time dependent manner include 
photokymography, cinematography and laser-Doppler spectroscopy (reviewed m Allen et 
al 1981) As they represent real time mformation, they greatly contribute to the 
understanding of the cell as a dynamic structure The necessity to visualise all sorts of 
details as clearly as possible led to the development of routine techniques for video 
enhanced contrast (VEC) microscopy, usually m combination with differential interference 
contrast (DIC) (Allen et al 1981, Allen and Allen, 1983,Inoué, 1981, 1986) VEC-DIC 
allows the visualisation of unstained membrane bounded organelles and below-resohraon 
structures, for example microtubules VEC-DIC has been particularly important for the 
development of/« vitro motility assays (Swanson, 1993) which were crucial for the 
discovery of the kinesin-microtubule (reviewed by Salmon, 1995), and actm-myosm 
(Spudich et al 1985, Krön and Spudich, 1986) molecular motor systems 
Several approaches were used to illustrate and analyze moving objects seen in VEC-
DIC microscopy Movements of objects were directly visualised with pseudo-stereoscopic 
viewing of video images at small time intervals (Hodge and Adelman, 1984) In simple 
set-ups, general velocities of cytoplasmic streaming were calculated from the measured 
transit tunes of organelles between two arbitrary points on the TV monitor (Emons, 1987, 
Sikora et al 1991, Tsuchiya et al 1991, Kamaky et al 1992) Illustrations of organelle 
pathways were obtained by drawing successive positions directly from the monitor on a 
plastic sheet during (slow) playback of the video recording (Heslop-Harnson and 
Heslop-Harnson, 1987, Stromgren Allen and Brown, 1988,Bartmketal 1990) More 
detailed reconstructions of pathways, covered distances and velocities were obtained from 
x,y-daiz, that were generated with a graph/pen digitizer linked to a computer and a 
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digitizing tablet on which the video image was projected by a 50 % reflecting minor 
(Hayden et al. 1983). Other systems employed hand operated cursors to manually log the 
positions to a computer, either on a computer image mixed with the video camera output 
(Conn et al. 1987), or on an image processing system (Lynn et al. 1986; Wang et al. 1994), 
the latter systems also circumvent parallax problems. 
Improvements in computer technology and image analysis procedures allowed to 
automatically track the paths of single objects (Weiss et al. 1986; Holt et al. 1989; Kadota 
and Wada, 1992). The (gravi)centres of these objects were determined on binary images 
according to the principles of pattern recognition and nearest neighbour analysis (see also 
Gualtieri and Coltelli, 1991a, 1991b). Binary images were also used for complex 
movement analyses of cell contours (Soil, 1988) and curves and slopes of cilia (Baba and 
Mogmai, 1985). Nanometre-scale precision measurements of the position of particles were 
achieved by calculating the cross-correlation between diffraction patterns of sub-resolution 
beads and a digitised image of the same bead (Gelles et al. 1988; Schnapp et al. 1988). 
Highly specialised is the visualisation and analysis of movements in three 
dimensions. Split-image video recordings of an object at two slightly different focal planes 
(Hamaguchi et al. 1991) or recording of left and right partial images obtained with anaxial 
illumination (Teunis et al. 1992) allowed to show movement into the direction of the 
optical axis. Mermall et al. (1994) tracked three-dimensional movements of cytoplasmic 
particles on z-series of video images, collected with an optical sectioning microscope. 
Frymier et al. (1995) followed bacteria with a microscope of which the stage was 
automatically moved by a computer to keep the image of the cell locked on a detector. 
Visualisation of very fast and transient movements with high temporal and spatial 
resolution was achieved by video-rate confocal reflection microscopy (Vesely et al. 1993) 
and subtraction scanning acoustic microscopy (Vesely et al. 1994). 
The various procedures all have their pros and cons and specific combinations of 
functions, but none of them contained a combination suitable for our purposes. These are 
the conditions requested for quantitative analysis of organelle movement in pollen tubes: 
-. Recording of moving organelles with a high temporal (more than 10 frames per s) and 
spatial (less than 0.5 um) resolution during long periods. 
-. Options to easily review sequences of interest with a choice of time interval but no time 
limit. 
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.. Operator-controlled identification of organelles. The system had to be very flexible in 
order to be compatible with the high variability in size, shape and contrast of organelles 
in microscopic views. 
-, Collection of precise data representing the x,y position of the organelles related to the 
real positions in the cell. 
- Storage of great numbers of coordinate data in a mode compatible with existing 
computer data analysis programs that allow mathematical and graphic operations on the 
data 
- Enabling of routine measurements by others than the designer or specialists through 
user-friendly menu-driven interfaces. 
- Affordable. 
As in most other studies, digital video enhanced-contrast differential interference 
contrast (VEC-DIC) microscopy turned out as the technique of choice for the image 
acquisition as compared to video-enhanced bright field and UV microscopy. The Video 
Image and Data Analysis System (VIDAS) was chosen to collect the data because of its 
interactive procedures, programming capabilities and low cost. The technical set-up 
described here was designed to meet the above conditions. 
Technical set-up 
Video enhanced contrast microscopy. 
Observations were made on a Univar microscope (Reichert-Leica, Vienna, Austria) 
using Nomarski differential interference contrast optics (DIC). The microscope was 
equipped with a HBO 200W high pressure mercury lamp, an oil immersion condenser, 
NA=1.40, a Plan Apo lOOx oil iris lens, NA=1.32 infinity corrected (Reichert-Leica, 
Vienna, Austria), or a Plan 160x oil lens, NA=1.40 infinity corrected (Leitz, Wetzlar, 
Germany). The condenser diaphragm and the lens iris were fully opened. Two heat filters 
were integrated in the microscope to prevent the specimen from warming up. In several 
cases green filters were used to reduce the amount of short wavelengths in the light. 
The image could be magnified by an internal 1.6x lens before projection on a high 
resolution analog video camera (Chalnicon C240O, Hamamatsu Photonics, Japan). 
Magnification factors are listed in table 1. The signal from the camera was displayed on a 
high resolution monitor (PVM122CE, Sony, Japan). The analog contrast of the images 
could be enhanced by adjusting gain and offset on the C2400 camera control unit 
(Hamamatsu, Japan). In addition, disturbing background patterns (mottle) were cleared by 
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real time subtraction of an out of focus background image by a DVS3000 image processmg 
computer (Hamamatsu, Japan) The computer could further improve the image by 
additional digital contrast enhancement Images (25 full frames per second) were recorded 
on a U-mauc SP video cassette recorder (VO-9600P, Sony, Japan) 
Video recorder and digitai'nation software 
U-maùc recordings were copied onto S-VHS tapes The S-VHS tapes were played 
back on a Panasonic AG-7355 video cassette recorder (Matsushita Electric Industrial CO, 
Osaka, Japan) equipped with digital frame memory The recorder was extended with a 
AG-IA232TC-E interface for remote control capability using a personal computer Three 
software modules were written m с to control the video recorder (copyright С 
Timmer/A H N de Win, KUN, Nijmegen) The Commands module enables easy use of 
the standard operation control commands The MakeTimeCode module provides a tape 
with a unique time code m the audio channel of each frame The Retnevelmage module 
displays a distinct image on the monitor m digital still mode and was a vital part of the 
procedure for the acquisition of positional data of organelles 
Image Analysis 
The movement of the organelles was traced from digital copies of video images on 
the VIDAS, version 2 1 (Kontron, Eching, Germany) This image analysis system consists 
of a 80386/80387 control processor with integrated video input/output and storage unit, a 
VGA monitor (menu display), a RGB monitor (image display) and a digitizer tablet with 
cross-hair cursor 
The VIDAS frame grabber board digitizes incoming TV video signals of a 
CCD-camera or a video recorder and generates RGB video signals for display on a VGA-
RGB monitor The instantly available image memory of the VIDAS can store 3 Megabyte, 
which is equivalent to 6 black and white images of video size (768*512*8 bits, 255 grey 
levels) Copies of the images m this memory can be stored on hard disk or Unix mam 
frame disk and used to fill the memory at a later time 
The VIDAS provides sets of functions for image retrieval, image enhancement, 
image segmentation, automated and interactive measurements and data display 
Combinations of functions can be completed by user defined definitions, mathematical 
equations, conditional loops and comments which can be stored m a macro Several 
macros were composed for the acquisition of positional data of organelles 
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Some procedures needed repeated operator controlled input of data, which would 
severely slow down the procedure. The specific information was thus stored in separate 
files that could be read during the run of the macro. Examples of such files are the interval 
file and the image names file. 
Data processing. 
VIDAS data files were converted with Converta version 1.04 software (Kontron, 
Eching, Germany) into ASCII format. The data were further analyzed with the modules 
BASE, GRAPH and STAT (version 6.07) of SAS (Statistical Analysis System, SAS 
Institute, INC., Cary, NC, USA). The SAS system provided a variety of standard 
procedures for data analysis, and additional possibilities to calculate new features or to 
customize the standard output. 
Biological material 
Pollen of Nicotiana tabacum L. cv. Samsun was collected from plants grown under 
greenhouse conditions, dried and stored at -20°C until use. Pollen was germinated and 
grown in a solution of 10% sucrose and 0.01% boric acid. Alternatively, pollen was sown 
on 3 mm punches of sterilized Visking dialysis tubing (Serva, Heidelberg, Germany) 
placed on a 2% agar solution of the same medium. Pollen was grown at 28°C for 2 to 5 
hours and transferred to a microscope slide. Pollen tube samples were observed in the 
microscope for half an hour maximally. 
The movement patterns inside pollen tubes were compared to the movement of 
organelles outside a pollen tube. To that purpose, cells were pressure ruptured and the 
extruded cytoplasm was recorded for 2 minutes after stabilisation of the specimen. The 
organelles in these samples are probably depleted of energy supply, move in a less viscous 
surrounding and their movement is not restricted by a cell wall. They were called free 
organelles. 
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Figure 1. VEC-DIC image of organelles in a 5 hour old pollen tube, about 300 um behind the tip. 
a. Overview. The focal plane is just above a large vacuole. Arrows indicate discernable organelles. The scale 
bars are set by the VIDAS in two directions because differences in the calibrated pixel size along x- and j - axes 
may occur. b,c. Time sequences at 0.24 s interval, b. Sequence of an organelle that moves down in the focal 
plain. At f=0.96 s the organelle has moved slightly out of focus to be back in the focal plain in the next image. 
At /=1.20 s, it has moved almost out of the focal plain, с Sequence of two organelles originating from the same 
point. At f=0.00 only one object can be discerned. It looks elongated at f=0.24, but two distinct organelles can 
be discerned from f=0.48 onward. Scale bar = 1 um 
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Detailed description of the sampling 
The Nomarski DIC method gives in-focus, high contrast, shadow-like images of 
phase details in which the direction of shadowing is opposite for phase advancing and 
phase retarding details (Weiss and Maile, 1993). In combination with video contrast 
enhancement DIC can provide images of objects with dimensions below the resolution 
limit but they appear inflated because of the diffraction of the light (Allen et al. 1981). Fig. 
la shows an example of a DIC image of a tobacco pollen tube acquired with the described 
microscope set-up. The pollen tube showed numerous shadow casted particles and area's 
with elevated or reduced grey levels, all of which represent organelles. Most organelles 
were spherical and a few were elongated, but the exact nature of these organelles, e.g. 
dictyosome, mitochondrion or plastid, could not be determined. It may be noted, however, 
that plastids hardly occur in tobacco pollen tubes (J. Derksen, personal communication). 
Further, the cytoplasm contained long fibrillar structures which probably represent tubules 
of the endoplasmic reticulum (ER). All organelles underwent continuously changes in 
appearance (fig. lb,c). 
Measurements were carried out exclusively on spherical organelles with a 
diameter between 0.2 and 0.6 цт, hence ER and most vacuoles were excluded from 
the sample. All matching organelles were measured, wether in focus or just visible as a 
lighter or darker spot (compare Fig.. lb,c). No distinctions were made on account of 
apparent contrast, velocity, or shape of the pathway of the organelles. Only organelles 
that stayed in view for at least 6 consecutive time-lapse images (see the description of 
the procedure) were included. The measurements began with organelles already visible 
in the first image of the time lapse series and continued with organelles becoming 
visible in one of the following images of the sequence (see Fig. 2). The total number of 
positions that made up the pathway of single organelles depended on the duration of 
the visibility of the organelle within the optical section. The measured organelles are 
thus a representative sample of all organelles present in a specific section of the pollen 
tube from a specific time onward. 
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Figure 2 Schematic example of the distribution of measured organelles ш urne 
The figure represents parts of the time lapse sequences of digital frames with an indication of the time point t 
The position of any organelle at the start of its pathway is indicated by an arrow and any last measured position 
is indicated by a dot Measurements of pathways start between f=0 00 and /=20 00 s Measurements end 
between f=2 00 and /=29 60 s Organelles that start at f=0 00 s were already present in the focal plain while 
organelles which start at a later time point came into the focal plain from a different, unidentified, part of the 
cell In this example the measurement senes included data on the pathways of all discernable organelles 
between r=0 00 and f=20 00 s, but also data on the pathways of organelles starting before r=20 00 s and ending 
between f=20 00 and /=29 60 
Figure 4 Schematic representation of the conversion of the VIDAS pixel coordinates to a pollen tube based 
coordinate system 
The coordinates of the pixels on the VIDAS screen were counted 
(1 ,2, etc ) in x- and ^ -direction starting at the top left comer of 
the screen (arrowhead) The coordinates (26,5) of the pixel at the 
extreme tip of the pollen tubes dome become the ongin of the new 
coordinate system The new дг-axis is formed by the long axis of 
the tube, which lies at an angle z=65 degrees with the horizontal 
line of the screen Under the pollen tube based coordinate system, 
a solely horizontal displacement of one pixel on the screen 
resulted in a change in both x- and y-coordinate 
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I 4 Interval file | 
I 5a Image names file}<-
| 9a Position files \·+ 
1 Video recording of the cell 
2 Time code attribution 
5 Image acquisition 
6 Image control 
7 Additional enhancement (optional) 
9 Measurement set-up 
10 Creation of the measurement file 
11 Loading of the first 6 images 
12 Organelle selection 
13 Position determination 
14 Loading of the next 6 imai 
| 3 Calibration of the magnification ί 
8 Determination of the x,y system | 
15 Measurement end 
Figure 3 Flow-diagram of the measuring procedure. For explanation see text 
Procedure for the acquisition of positional data of organelles. 
A description of the flow diagram of the procedure (fig. 3), consisting of preparative 
steps (1-9) and a measurement loop (step 10-15), is given below. 
1. Video recording of the cell. 
Two minute recordings were made of parts of Nicotiana tabacum pollen tubes 
according to the VEC-DIC procedure described earlier. 
2. Time code attribution. 
Each frame of the S-VHS video recordings was assigned a unique time code according 
to its position on the tape. The time code (hhmmssnn) is composed of the hours (hh), 
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minutes (mm), seconds (ss) and frames (nn) elapsed since the start of the tape and was 
written in the audio 1 channel with the MakeTimeCode module. 
3. Calibration of the magnification 
The size of a pixel in x- and y-direction were calibrated from recorded micrometer scale 
bars and these values were assigned to the internal parameters SCALEX and SCALEY. 
Template circles with a defined diameter were drawn onto the VIDAS screen and 
copied on a plastic sheet to estimate the size of the measured organelles (see step 12). 
4. Interval file. 
To create time-lapse series of images for the VIDAS, every n**1 frame had to be selected. 
The Timelnterval macro made an interval file that contained the (standardized) last 4 
digits (ssnn) of the time code. They ranged from 0000 with an interval of η upto ssOO 
but excluding the latter. The interval file was used to complete the sequential time codes 
in the next step. 
5. Image acquisition. 
Sequential frames were captured and stored by the RetrieveSequence macro in 
combination with the Retrievelmage module for the AG-IA232TC-E interface. The first 
time-code (previously marked down using the Commands module) of a selected 
recording was logged in upon request and the macro generated the complete frame code 
with the help of the interval file. The VIDAS environment was temporarily left to 
display the requested frame in digital still mode by the DOS operated Retrievelmage 
module. The frame was saved as a "VIDAS image and the RetrieveSequence macro 
carried on with the next frame of the sequence. When all the records of the interval file 
were read, the input of a new start time-code would continue the time-lapse series, 
a. Image names file. 
Together with the acquisition of the images a file was created in which the image 
names were stored. This file was used to read the image names in step 6,7, 11,14. 
6. Image control. 
The log-file of the Retrievelmage module was printed to detect differences between 
acquired and requested frames (see effects resulting from the use of time-lapse 
sequences further on). All images were projected onto the monitor using the 
CheckSequence macro to check their contents. A small number of stored images was 
blurred due to electronic instabilities between the video recorder and the VIDAS 
monitor. Incorrect images were resampled with the help of the CheckSequence macro. 
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7 Additional enhancement (optional) 
In some cases additional contrast enhancement was desired, which usually mvolved 
stretching of the grey level histogram to range from 0 to 255 
8 Determination of the x,y system 
The coordinates of the pixels on the VIDAS screen were counted m χ- andy-direcùon 
starting at the top left comer of the screen In the cylindrical pollen tubes a coordinate 
system was defined based on the tube axis and extreme tip of the dome (fig 4) The 
contours of the cell displayed on the VIDAS screen were drawn onto a plastic sheet 
The length axis of the cell and the pomt closest to the tip were marked on this sheet 
With the help of the TubeMeasures macro, the coordinates (xay0) of the pixel m the 
origin of the new coordinate system and the angle (z) of the tube's length axis with the 
horizontal line of the screen was determined The values determined m this step were 
used m step 9 and 13 to recalculate the coordinates according to the pollen tube layout 
9 Measurement set-up 
Step 9 to 15 embody the actual measurements and were controlled by the 
PositionMeasurement macro The macro started by quoting for the cell specific 
information, including the images names file, the time interval, the origin (xay¿) and the 
angle (z) of the axis of the coordinate system 
a Position/lies 
In the first ran, separate data files were created, one for each image file, and called 
position files Upon creation, the files were empty but each time a position was 
marked m the specific image, the pixel coordinates (Xp,yp) were stored m the 
corresponding position file (see step 13) If requested, positions could be read from 
the position files to mark previously measured positions m step 12 
10 Creation of the measurement file 
The measurement loop started with the creation of a new measurement file containing 
the following parameters x- and ^ -coordinate, distance, velocity, angle, time pomt and 
the number of the image 
11 Loading of the first б images 
The PositionMeasurement macro interactively asked where to start the reading m the 
image names file The image with the corresponding name and the five following 
images were loaded m the VIDAS image memory These images could be scrolled onto 
the screen and this process could be slowed down, stopped or reversed via the keyboard 
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Yl.Organelle selection 
Only those particles that could be discerned in at least 6 subsequent images were 
selected. To avoid double measurements, the positions of previously measured 
organelles could be marked on the images by reading their position files (see step 9). 
The size of a selected organelle was estimated by comparing its diameter to traces of 
calibrated template circles (see step 3). 
13.Position determination 
Position determination was divided in three successive steps: 
a. the start of the measurement loop. The cross-hair of the cursor was positioned on the 
centre of the chosen organelle. Pressing the mouse button assigned the pixel 
coordinates to the internal variables (xpyp), marked the position in the internal image 
overlay and stored (xpyp) in the position file (see step 9). 
b. the (xpyp) coordinates were converted to coordinates (xnyn) in micrometer, according 
to the pollen tube layout: 
JC„=((^-^)*cos(z>00-^)*sin(z))*SCALEX (1) 
yn={(yo-yprcos(z)+iXo-xP)*M^)*^CALEY. (2) 
The distance (dist) and the initial velocity (vel) of the displacement from the previous 
position were calculated with equation 3 and 4. 
dis^<((xn-x„.x)2+(yri-yn.\)2) (3) 
ve/=£fa//(interval*0.04) (4) 
The angle (a) of the displacement vector with the pollen tube axis was calculated 
from the arcsinus and adjusted to a range from 0 to 360 degrees: 
a=arcsinus((y„-.y„.i)/distance) radiais (5a) 
If x¿>=x„.\ andj^^n-i : α=α*57.296 degrees (5b) 
If x„<=x„.\ andy,^=y„.i : α=180-α*57.296 degrees (5c) 
If x
n
<=x„.\ a n d ^ ^ ^ i : α=180-α*57.296 degrees (5d) 
If x¿>=x„.\ as\ày„<=y„.i : α=360+α*57.296 degrees (5e) 
These parameters were appended to the measurement file together with the time point 
/ (=image number*interval*0.04 seconds) and image number, 
с then the next image was displayed with a copy of the internal overlay of the former 
image. The PositionMeasurement macro returned to step 13a for determining the next 
position of the organelle. After 6 repetitions, the position of the organelle was known 
in all the images in the VIDAS memory. The internal overlay was copied onto the 
first image and the macro proceeded with step 14. 
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\A.Loading of the next 6 images. 
6 new images were loaded in the VIDAS image memory, starting to read on the next 
line in the image names file. These images were scrolled on the screen to preview the 
organelle positions. The PositionMeasurement macro returned to step 13a and the 
measurement loop was continued as long as the organelle was discernable in the images. 
15 Measurement end. 
The measurement loop was interrupted by pressing the mouse button at pixel (0,0) when 
the organelle could not be discerned any more. The measurement procedure stopped 
automatically after the last image in the series was measured. The measurement file was 
saved and displayed on the screen. 
The PositionMeasurement macro returned to step 10 for selection and measurement of 
the next organelle. 
Estimation of measurement accuracy 
The procedure described in the previous section yielded the (x,y) coordinates (eq. 
1 and 2) at time points t for each measured organelle. The data were used to 
reconstruct the pathways and to analyze the movement patterns. The reconstructed 
pathway is not an exact representation of the route followed by the organelle through 
the cell, as several inaccuracies can occur during the process of image formation, 
processing and analysis (see e.g. Shotton, 1993). Possible sources of errors originating 
from the image formation are discussed first. The adequate reproduction of small 
details in video microscopy depends on the resolution limit and sampling frequency, 
which is dealt with in the following paragaphs. The influence of the third dimension, 
the depth of visibility is also discussed. The time-lapse nature of the measurements and 
errors of measurement, linked to organelle position determination, produced further 
inaccuracies during analysis of the images and following calculations. They are 
discussed. The conditions for statistical reliability and minimum sample size needed 
for quantitative comparisons between specimens are discussed last. 
The time periods of measurements were variable as they depended on the 
visibility of the organelles in the focal plane (see before). As a result, each organelle 
had different scores for the distance (dist, eq .3), velocity (vel, eq. 4) and angle (a, eq. 
5) parameters. For example, an organelle traced during 10 seconds would contribute 
twice as much during further processing than an organelle followed during 5 seconds. 
Equal contributions were obtained by (time) averaged parameters or, better still, by 
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standardized parameters, based on a fixed senes of values for the original parameters 
For example, the average organelle velocity, calculated over the first 5 displacements 
of each organelle is a standardised parameter Parameter values of sequential data and 
their errors are always time correlated and thus mterdependent Averaging and 
standardisation reduces the effects of this correlation 
Linearity, geometric distortion and running noise integration 
The components of a digital imaging system can be reasoned to be shift-invanant 
linear systems (Castleman, 1993) This means that there is a linear relation between the 
contrast in the specimen and m the image, mdependent of the location within the field 
of view Further, the system components do not introduce additional shifts in the phase 
of the image forming light Therefore, we assume that contrast differences appearing m 
our images are directly related to features in the microscopic image and in the 
specimen The microscopic images are expected to be free of geometric distortions as 
we used plan corrected objectives Possible edge effects were not visible, since only 
the middle part (about 30 %) of the field of view of the objectives was recorded With 
video unages viewed at normal rates, our eye and bram integrate the scenes so that 
noise is filtered and the unages are smoothed (Inoué, 1986) In smgle frames noise is 
apparent, obscuring position and boundaries of any object The review function of the 
VIDAS can display the digital still images m the image memory on the monitor with 
speeds ranging from one by one to 25 unages per second This function was used to 
evaluate the contents of the frame m relation to preceding and following unages during 
the selection of organelles 
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Table 1 Magnification (M) factors at several points in the image formation 
M internal is the enlargement between the image forming lens and the camera tube M screen (underscan) is 
the final screen magnification with the PVM122 monitor in underscan position M internal = M screen / (M 
video * M objective lens * M additional lens) M video denotes the enlargement of the video signal between 
tape and monitor M video = diagonal measure of the monitor / diagonal measure of the camera tube = 15 6 
M 
objective 
lens 
100 
100 
160 
160 
M 
additional 
lens 
-
16 
-
16 
M 
internal 
4 3 
4 3 
3 2 
3 2 
M 
screen 
(underscan) 
6800 
10800 
8000 
12800 
field of 
view (μηι) 
22x29 
14x19 
19x25 
12x16 
pixel size 
(μηι) 
0 043 
0 027 
0 035 
0 022 
Table 2 Number of effective horizontal and vertical scan lines in the present set-up 
The number of line pairs is half the number of scan lines of the listed video components 
component 
camera 
DVS3000 
PVM122 
U-matic SP 
VHS 
S-VHS 
VIDAS 
horizontal 
575 
512 
575 
575 
575 
575 
512 
vertical 
700 
512 
950 
300 
300 
>400 
768 
Table 3 Formulas for the depth of field from literature 
Parameter names and formula's given by #1 Slayter and Slayter, (1992), "2 Françon, (1961), (discussed in Inoué, 
1986) and *3 James, (1969) Values in micrometers are calculated for a lOOx objective, oil immersion, 
NA=1 42, with a total magnification M=1000x and gTeen light, λ=0 546 μιη Aperture angle a=60 95° 
Refractive indexes, air n,=l 0, immersion oil n,=l 51, specimen n,=l 5 (estimate) 
parameter formula value 
depth of field D*1 
setting accuracy 2ξ #2 
(0 61*X)/(NA*tan(a)) 
X/(4n,*sin2(a/2)) 
instrumental depth of field s, " (η5*λ)/2(ΝΑ)2 + (0 34*ns)/(M*NA) 
0 14 
0 35 
0 24 
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Resolution limit and sampling frequency 
In a diffraction limited microscope, the resolution of a lens can be expressed as the 
minimum detectable distance (d) between two points according to the Rayleigh criterion 
(equation 6), based on the wavelength (λ) of the light and the numerical aperture (NA) of 
objective and condenser (Inoué, 1986). 
d=1.22A/(NA0bj+NAOTld) (6) 
For bright-field microscopy, this distance is equal to the radius of the Airy disk of an 
infinitely small point source of light (Inoué, 1986). In VEC-DIC, the contrast enhancement 
gives an increase in resolution of the microscopic image in two ways; 1) the condenser can 
be used at the highest working NA because the stray light can be suppressed electronically 
and 2) the minimum detectable distance d is determined by the Sparrow criterion (equation 
7 with NAobjSNAcond) for a video camera (Allen and Allen, 1981; Inoué, 1986; Weiss and 
Galfe, 1992). 
d=0.5A;NA (7) 
The Sparrow criterion can be rewritten to give the cut-off frequency, £, the number of 
black and white line pairs per μπι that can be separated (equation 8, E. Hansen in: Inoué, 
1986). 
fc=2NAobA (8) 
In our set-up with a lOOx objective, NA=1.32 and green light (λ=546 nm), equation 7 gives 
a distance of 0.21 μπι which is proportional to a cut-off frequency of 4,8 line pairs per μπι 
(equation 8). This implies that in the recorded specimen area of 22 by 29 urn a maximum 
of 106 horizontal line pairs and 139 vertical line pairs can be separated. A minimum of two 
video scan lines is needed to sample one line pair, though a twofold sampling ratio (i.e. 
four scan lines) is recommended. It can be deduced from table 2 that the limiting 
instrument in the set-up used is the video recorder as far as the vertical resolution is 
concerned. U-matic and VHS video recorders have 300 vertical scan lines, resulting in a 
ratio between image and video line pairs of 139:150, a small oversampling. This could give 
a loss in resolution since the number of sampling line pairs is lower than the recommended 
two times ratio. The camera sampled the microscopic image with 350 vertical line pairs 
which were combined to 150 line pairs by the video recorder. This implies a loss in image 
quality, though the image will remain diffraction limited. 
A higher magnification of the image reduces the maximum number of line pairs that 
can be separated in the specimen area. For example, a 160x objective, NA=1.40, in 
combination with a 1.6x internal magnification resulted in 61 by 82 line pairs. The ratio in 
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vertical direction between image and video line pairs is now 82 150 and the image quality 
was preserved better 
Thus, the VEC-DIC images analyzed m this study probably have a resolution 
distance of about 0 21 urn Objects that are resolved m the image, stay resolved during pick 
up, recording and processing of the video signal, although losses in quality of the video 
signal occurred 
The described procedure measured the position of a optically resolved organelle and 
calculated the displacement distance from the positron m the previous image Therefore, 
the minimum detectable displacement distance was not limited by the resolution but 
instead was limited by the segmentation of the digital images mto pixels The screen of the 
VIDAS was divided mto (nearly) square (SCALEXsSCALEY) pixels with a calibrated 
width of 0 022-0 043 urn (table 1) Positions were confined to pixels and the minimum 
detectable displacement distance was equal to the pixel width, for example 0 027 цт Due 
to the conversion to a coordinate system based on the pollen tube layout (fig 4), a 
horizontal displacement of one pixel on the screen gave a displacement distance in x- as 
well asjy-drrecüon m the pollen tube, the sizes of which depended on the angle ζ (eq 1 and 
2) The total displacement distances however were unchanged by the coordinate 
recalculations The calibrated pixel size was smaller at larger magnifications (table 1), 
which resulted m a smaller minimum distance and a better measurement accuracy (see 
also estimation of measurement errors) 
Thus, the minimum detectable distance between two organelle positions is limited by 
the width of the pixels on the VIDAS screen and about 10 times smaller than the maximum 
resolution in the microscope with the use of green light 
Estimation of the depth of field 
Depth of field, the z-axial distance in the specimen that appears in focus in the image 
(Inoué, 1986, Slayter and Slayter, 1992) is dependent on ι) the axial resolving power, n) 
the geometric focusing depth and ш) the accommodation of the eye (James, 1969) Only 
the first two factors are important m video microscopy Various definitions and formulas 
for the depth of field are given m the literature and some of them are listed m table 3 The 
major factors are the wavelength λ of the light used, the (total) magnification M, the 
aperture angle α of the objective, and the refractive mdex η of the immersion medium (NB 
NA=n*sina) In parallel to the planar resolution, the axial resolution might also be 
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influenced by the NA of the condenser (Allen and Allen, 1983; Inoué, 1989). The 
refractive index of the specimen is usually unknown, but probably plays an important part 
in the establishment of the depth of field too. The light rays that are involved in the image 
formation are refracted at several borders in the specimen and at the border of the specimen 
with the embedding medium. This may cause optical illusions: any visible point may be 
located above or below its apparent position (compare Gahm and Witte, 1986). 
In his description of the DIC diffraction pattern, Galbraith (1982) stated a smaller 
depth of field as compared to that in bright field microscopy, a phenomenon observed by 
many microscopists (for example: Allen and Allen, 1983). The effect of the illumination 
method on the thickness of the optical section was elegantly shown by Inoué and his group 
(1989). They made through-optical sections of the same specimen and found values for the 
depth of field of 0.10-0.15 μπι for rectified polarized light, just under 0.2 μπι for phase 
contrast and approximately 0.2 μπι for DIC. The small thickness of their optical sections 
might depend much on the use of a light scrambler, which converts a three-dimensional 
light source into a two-dimensional one (Weiss and Maile, 1993). The contrast 
enhancement by the use of video and digital equipment has been said both to decrease 
(Inoué, 1989) and increase (personal communication, H. Ortner, Hamamatsu, Germany) 
the depth of field. Thus, the depth of field depends on the microscope illumination and the 
contrast enhancement method. 
Calculation of the exact field depth is very difficult. Considering the above 
mentioned factors and based on the values calculated in table 3, we conclude that the depth 
of field in our preparations is between 0.2 and 0.4 цт. The three dimensional shape of the 
(DIC) diffraction pattern causes an object to appear different depending on its spatial 
position in the z-orientation (Galbraith, 1982; Inoué, 1986). This means that an object 
'touching' the border of the optical section can be discerned although it is not in focus. Fig. 
lb and lc show some images of organelles with changing appearances. These images can 
be considered in an interactive measurement but stop the tracking in automatic methods as 
these are based on size and contrast of the object. The measured organelle positions are 
assumed to represent the centre of the organelle and to lie in one plane. In reality, the 
position in z-direction can range over a distance equal to the depth of field plus twice the 
radius of the organelle. Thus, for an organelle with a diameter of 0.4 цт, the visibility in z-
direction is probably between 0.6 and 0.8 цт. 
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The diameter of an organelle was estimated by comparison with calibrated circles 
This method gave only a rough indication of the organelle diameter since we had no 
knowledge on the position of the organelle within the optical section. In addition, objects 
smaller than the resolution limit are inflated to the resolution limit distance (Inoué, 1989; 
Weiss and Galfe, 1992) and their size cannot be measured accurately. 
Table 4 Time interval variations in the image sequence. 
The time interval between the requested images was 0 40 s The first column (requested) lists the identification 
time codes of a senes of video frames searched for by the Retnevelmagc module The second column (acquired) 
displays the lime code of the frame that is actually displayed by Retnevelmage module The requested frame or 
the previous one was displayed Column 3 gives the real time interval between the current and the previous 
frame In the last column the explanation notes are marked The time interval is 0 40 s if current and previous 
frame arc cither both right or both one off A time interval of 0 36 s, caused by a single 'one off frames, is 
always followed by a time interval of 0 44 s when the frames are right again The error in the time intervals is 
two-sided and symmetric 
Notes 
(1) The acquired frame is the requested frame, 
the previous frame was also the requested 
frame, the time interval is 0 40 s 
(2) The acquired frame is the one before the 
requested frame, the previous frame was 
also the requested frame, the time interval 
is 0 36 s 
(3) The acquired frame is the one before the 
requested frame, the previous frame was 
also the one before the requested frame, 
the time interval is 0 40 s 
(4) The acquired frame is the requested frame, 
the previous frame was the one before the 
requested frame, the time interval is 0 44 
s 
requested 
00461000 
00461010 
00461020 
00461105 
00461115 
00461200 
00461210 
00461220 
acquired 
00461010 
00461020 
00461104 
00461114 
00461200 
00461210 
00461219 
interval 
0.40 
0.40 
0.36 
0.40 
0.44 
0.40 
0.36 
note 
(1) 
(2) 
(3) 
(4) 
(1) 
(2) 
Effects resulting from the use of time-lapse sequences 
Ideally, a pathway is reconstructed form positions sampled with infinite precision at 
infinitely small time intervals. Put into practice, the pixel size limits the precision in 
position determination (see resolution limit and sampling frequency), and the video frame 
frequency (25 frames per second) limits the time period of the sampling interval. A suitable 
time interval between two measurement points allows the organelle to proceed over a 
distance equal to the size of a few pixels. The described procedure did not allow variable 
time intervals related to the velocity of an organelle, but a fixed interval was chosen which 
generally gave changes in organelle position between half to three times the diameter of the 
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organelle Most image sequences were made with an interval of 0 40 seconds, some 
recordings of fast moving organelles or recordings made at high magnifications were 
sampled at 0 24 seconds 
The tune-lapse image sequences were generated by the Panasonic AG-7355 video 
recorder with AG-IA232TC-E interface usmg the Retnevelmage module This 
combination had a single-sided error of-1 frame, meaning that it would display either the 
requested frame or the previous one (see table 4 for an example sequence) Occasionally, a 
greater difference between acquired and requested frame occurred, m which case the frame 
was resampled (step 6) The single-sided error during the image collection resulted m a 
symmetric two-sided error m the time interval of ± 0 04 seconds for about 50 % of the 
images (see table 4) Due to software limitations, velocity and time pomt values were 
calculated with the fixed time interval (0 40 or 0 24 s) The error mduced m the velocity 
values m this way is discussed in the paragraph on estimation of measurement errors 
Estimation of measurement errors 
Deviations between the true centre of an organelle and its measured position can 
anse from two types of errors in addition to the technical limitations mentioned above The 
mam error anses from estimating the location of the centre of an organelle m a DIC image 
with its shadow-like appearance, where true organelle borders and centres are obscure 
Another source of error is caused by variations in the physical positioning of the cursor on 
the organelle centre The magnitude of the combined errors was estimated by calculating 
the mean differences between duplicate measurements of the first 6 positions (5 
displacements) of 5 organelles per measurement senes Table 5 lists the errors m a typical 
measurement senes, recorded with a lOOx objective lens and a 1 6x internal lens Small 
vanations were observed between different quality recordings and between different 
operators It appeared that the error in the x- or ^ coordinate was about equal to the width 
ofasmgle pixel 
The (independent) errors ( Δ) of parameters A and В are propagated mto the 
calculated parameter X according to equations 9 to 12 (Pentz and Short, 1988) 
X-A+BorX=A-B ΔΧ=>/((ΔΑ)2+(ΔΒ)2) (9) 
X=ABorX=A/B ДХ/Х= ((АА/А)2-КДВ/В)2) (10) 
X=A„ ΔΧ/Χ=ηΔΑ/Α (11) 
X=kA ДХ=кАА (12a) 
but ΔΧ/Χ=ΔΑ/Α (12b) 
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If the errors are assumed equal for all JC- and ^ -coordinates, the theoretical error in the 
distance (equation 3 and 9-11) is reduced to V2Acoordinate. The estimated errors in 
distance were of the same order (table 5). Differences between theoretical and estimated 
errors may have been caused by the interdependency of the distance measurements within 
one organelle pathway. Note that the error in distance is independent on its magnitude. 
Both estimated and theoretical error in the initial velocity values were equal to 
Adistance/time (table 5, equation 12a). However, earlier we noted that the time interval can 
vary ± 0.04 seconds. Time corrected velocity values were calculated for the first 5 
displacements of 5 organelles with their real time intervals and compared to the formerly 
calculated velocity values. The mean difference was used as an estimate for the error in 
velocity (time corrected: table 5) resulting from the use of fixed intervals in our 
calculations. This error component varied between different cells or parts thereof 
depending on the average velocity and the used time interval: a fast moving organelle will 
cover a larger distance in 0.04 seconds than a slow moving organelle does. The combined 
error in the initial velocity (table 5) was found with equation 9. 
From equation 12 it is deduced that the error in the summed distance is proportional 
to the number of summed displacement distances (equation 12a) yet the error in the mean 
velocity is equal to the error in the initial velocity (equation 12b). We assumed that mean 
velocity values of the organelles were little influenced by variations in the real time 
intervals because of their symmetry (see table 5) Therefore, the measured velocity 
error -and not the combined velocity error- was used for the mean velocity values. 
The error in the angle of a displacement is highly influenced by the field of pixels 
and the distance of displacement. For example, the error associated with a distance 
measurement is equal to the size of one pixel. Then, a small displacement of the size of one 
pixel can give an error in the measured angle of either 0, 45 or 90 degrees, depending on 
the orientation of the deviation. A displacement of 10 times the size of a pixel may result in 
an error in the angle between 0 and 7 degrees. Because of this relationship between 
magnitude of the displacement distance and possible size of the error in the displacement 
angle, no standard error for the angle can be calculated. 
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Table 5 Estimated error values for x- and ^ -coordinates, distances and initial velocities 
The first 6 positions (5 displacements) of 5 organelles were measured in duplicate Errors were estimated with 
the mean differences of the duplicate values The time corrected velocity error represents the mean différence 
between the initial velocities calculated with the fixed and calculated with the real time interval The combined 
error in the initial velocity was found using equation 9 
Parameter error 
Δ x-coordinate 
Δ y-coordinate 
Δ distance 
Δ velocity 
Δ velocity 
Δ velocity 
(measured) 
(time corrected) 
(combmed) 
unit 
um 
μτη 
um 
um/s 
um/s 
μηι/s 
value 
0 04 
0 03 
0 05 
0 12 
0 04 
0 13 
Table б Minimum number of organelles in a senes of measurements 
The sample size (N) was calculated with equation 13 for a 95 % significance (Za=l 96) and a minimum 
detectable difference of d=0 1 um/s The variances (s b s2) among the mean velocities over the first 5 
displacements of 50 organelles were taken from senes of measurements used in the following chapters Each 
row in the table gives the minimum number of organelles (N) in a sample, with vanance Si if it is compared to 
a sample with vanance s2 
N 
s,=0 12 
s,=0 32 
s,=0 45 
s2= =0 12 
11 
54 
99 
s2= =0 32 
21 
79 
134 
s2=0 45 
27 
95 
156 
Statistical reliability and minimum sample size 
The measurement procedure mcluded all organelles present in the analyzed part of 
the pollen tube from a specific tune onward thereby ensuring that the organelles were 
representative for the movement m that part Among the measured organelles, some were 
already present m the focal plain (/=0 00 s at start of measurement) while most organelles 
came mto the focal plain from a different, unidentified, part of the cell (Ρ·0 00 s at start of 
measurement, see Fig 2) To ensure that this difference m start position did not influence 
the results, we performed Wilcoxon and median rank score tests on equal numbers of 
organelles for both subsets The parameters tested were the mean velocity over 5 
displacements, the Progressiveness ratio (Overstreet et al 1979) and the Regularity 
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quotient (Jarosch, 1956 see also chapter 3). All tests showed no significant differences 
between the subsets (results not shown). We therefore concluded that the history of the 
organelle movement, that is before measurement, did not influence the results of the 
analyses. 
In order to be representative for the general movement pattern, the number of 
pathways of measured organelles had to be large enough to include all patterns possible. 
The mean velocity is one of the features of an organelle pathway that displays the natural 
variation and therefor was used to compare populations. A minimum number of organelles 
(N) could be determined with equations 13 and 14 (Mace, 1964) based on the standard 
deviation (s), a minimum detectable difference (d) and the critical value of a desired 
significancy level (Za=1.96 for 95 % significance). 
N^s^+SzXZo/d) 2 (13) 
N2=s2(s,+S2)(Za/d)2 (14) 
The standard deviation over 50 organelles (the minimum per measurement series) of the 
mean velocity of the first 5 initial velocities per organelle gave the value for s. A difference 
of 0.1 μπι/s with any other average mean velocity was taken as the detection limit. Table 6 
gives a few examples of the minimum sample sizes associated with standard deviations 
found for organelle velocities in pollen tube parts. N was calculated using equation 13 with 
Si listed horizontally and s2 listed vertically, at a significance of 95 %. The calculations 
showed that more than 150 organelles were needed for a representative sample when the 
variation in velocity was high. 
Conclusions 
The procedure described in this chapter provided detailed quantitative information on 
organelle movement. The requirements for the procedure set in the introduction were met 
almost completely. 
> The VEC-DIC microscopy yielded long scenes of organelle movement at a frequency of 
25 frames per minute. The spatial resolution was diffraction limited, also after video 
recording and digitalization, and was approximately 0.2 μιη. Axial resolution was 
estimated at 0.2 - 0.4 цт, and organelles were visible along the z-axis over a distance 
equal to the organelle diameter plus 0.2 - 0.4 μνα. 
-> Frames from sequences of interest were stored in digital format using a programmable 
video recorder and the frame grabber function of the VIDAS image analysis system. 
Time intervals could be any multiple of 0.04 seconds with an accuracy of ± 0.04 
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seconds. The only limit to the length of the sequence stored for review and analysis was 
the available external storage capacity. 
-, The indication of organelle positions by hand-controlled cursor operation allowed 
measurements on a range of variably shaped organelles. The possibility to evaluate 6 
images at a time improved the recognition and identification of the organelles. 
Measurements on still images allowed enough time to position the cursor accurately. 
, The procedure was supported to a large extent by interactive VIDAS macros. The major 
part of the measurement procedure (step 9 to 15) was programmed in one macro, which 
could be run by an inexperienced user within an hour or so. 
- The collected x,y positions of the organelles denoted their position in the cell relative to 
the extreme tip and the length axis of the tube. The origin of the coordinate system was 
determined in the first image of a measurement series and fixed to a pixel coordinate. 
Therefore, organelle positions need not be corrected for the growth of the cells during 
measurement because the origin does not change position when the cell boundary 
moves. 
.. The precision of the coordinates and distances was about equal to the size of a single 
pixel (0.03 цт), the errors in the velocity values were about 0.12 μηι/s. 
- Data were stored in rectangular files per organelle, convertible to ASCII format for 
export, and suitable for many mathematical and graphic operations. For adequate 
statistical comparison, large numbers of files (minimally 50 per cell part) were collected. 
The data generated with this procedure have successfully been used for the analysis 
of organelle movement and yielded insight into the various processes involved (see 
following chapters of this thesis). 
Acknowledgements 
The VEC-DIC images were made at the Department of Plant Physiology of the 
University of Vienna for which we greatly thank Prof. W.G. Uri. The use of the VIDAS 
was granted to us by Prof. E. W. Roubos from the Department of Experimental Zoology 
from the KUN. Mr. J. de Lange (Zeiss) is thanked for the introduction on the VIDAS and 
his advise in programming. Drs N. S. Allen, M.T.A. Bos and H. Ortner (Hamamatsu) are 
acknowledged for helpful discussions. Mr. Th. de Boo from the Medical Statistical 
Department is thanked for his statistical advise. Profs. M.M.A. Sassen and С Mariani are 
acknowledged for their suggestions and comments on the manuscript. 
45 
Chapter 2 
Listings of the modules for the AG-IA232TC-E interface and of the VIDAS 
macros are mcluded in an appendix to this thesis and available on request 
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Abstract 
Qualitative descriptions of movement in pollen tubes report a reverse fountain­
like streaming pattern of the cytoplasm in general, but also a highly individual 
movement of single organelles. Here, we report the results of a rational analysis on 
more than 900 organelles that quantitatively confirm both aspects. Calculation of 
Regularity quotients and Progressiveness ratios elucidate the gradual ordening of 
organelle movement from the tip onward. From 19 μπι onward organelles have 
obtained the normal, variable movement patterns specific for a pollen tube at a certain 
time of development. More detailed information was obtained by the method of 
Arithmetical dissection, presented here. It showed that individual movements are a 
combination of several movement directions. Arithmetical dissection also revealed an 
overall organisation in uni- and bidirectional lanes. Lanes with movements directed to 
the tip or to the grain showed significantly different average velocities. Non-directed 
movements occurred always to some extent but were more frequently observed in 
lanes with bidirectional or tip-directed movements. The results clearly show a relation 
between organelle movement patterns and pollen tube topography, as well as the 
influence of steric hindrance by other moving objects. The relation of the observed 
phenomena with the actin-myosin cytoskeleton is discussed. 
50 
Rational analyses of movement 
Introduction 
Pollen tubes are the male gametophytes that carry the generative cells to the 
female ovary in flowers These cylindrical cells grow at their tip only and show a 
cytoplasmic polarization with a cone of secretory vesicles m the extreme tip, local 
accumulations of dictyosomes at about 25 цт and coated pits between 6 and 15 ц т 
(Derksen et al 1995a) Pollen tubes show active cytoplasmic streaming, often in a 
reverse fountain-like pattern This pattern is not fixed and may change during 
development (Iwanami, 1956, Emons et al 1991, Derksen et al 1995b) Recent 
observations showed a high individuality m organelle movement with respect to 
covered paths and course of velocity (Pierson et al 1990, Emons et al 1991) A few 
examples of reconstructed pathways have been published (Heslop-Hamson and 
Heslop-Harnson, 1987, 1988, 1990) Organelle movement seems to depend completely 
on actin-myosin interactions (Pierson and Cresti, 1992) Actin filaments are located 
mainly, though not exclusively, in parallel to the long axis of the pollen tube (Perdue 
and Parthasarathy, 1985, Pierson et al 1986) Their presence in the extreme tip 
remains a matter of discussion (Miller et al 1996) Several types of myosin molecules 
are detected in pollen tubes and they are usually located on the surface of the 
organelles (Miller et al 1995) The polarity of the actm filaments (Derksen et al 1990) 
dictates the direction the myosin mediated movements 
In the previous chapter, we have described in detail a semi-automatic procedure 
to acquire data on the movements of organelles in tobacco pollen tubes In this chapter, 
data on more than 900 organelles from three different pollen tubes are analysed with 
several methods The behaviour of a population of organelles, in terms of dispersion 
over time, can be quantified with Mean-square displacement analysis (Qian et al 
1991) In a modified version of this technique, the Regularity quotient is calculated 
(Jarosch, 1956) This parameter expresses both the straightness of the movement and 
the uniformity of the movement velocities for a population of organelles at a certain 
time interval It can be applied to populations of smaller size and time length than 
needed for Mean-square displacement analysis and is better suited for comparisons 
among populations 
The behaviour of individual organelles is expressed by the Progressiveness ratio 
(Overstreet et al 1979) which is the ratio between the net displacement and the 
actually covered distance This ratio provides information on the straightness of a 
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trajectory, but not on the velocity of the organelle Evaluation of the shape of a 
trajectory with the method of Arithmetical dissection gives more detailed information 
and this method is explained m detail here Arithmetical dissection evaluates the 
direction of movement at each position in relation to the previous positions It 
identifies ten movement types that, in various combinations, constitute the organelle 
pathways This method raises many possibilities for further analysis through the 
calculation ofDistance fractions, Time fractions, and mean velocities, but also through 
visualisation of the direction of movement at any position m the cell 
Materials en methods 
Collection of data 
Pollen of Nicotiana tabacum L cv Samsun was collected from plants grown 
under greenhouse conditions, dried and stored at -20°C until use Pollen was grown at 
28°C for 1 5 to 2 5 hours on 3 mm punches of sterilized Visking dialysis tubing (Serva, 
Heidelberg, Germany) placed on a 2% agar solution of 10% sucrose and 0 01% bone 
acid Samples were observed, after transfer to a microscope slide, for maximally half 
an hour on an Univar microscope (Reichert-Leica, Vienna, Austria) using Nomarski 
differential interference contrast (DIC) optics The microscope was equipped with an 
oil condensor, NA=1 40, a Plan Apo lOOx oil ins lens, NA=1 32 infinity corrected, an 
internal 1 6x magnifying lens, and two integrated heat filters 
Recording of microscopic images, image enhancement and image analysis with 
the VIDAS (Video Image and Data Analysis System, version 2 1, Kontron, Eching, 
Germany) was earned out as desenbed m chapter 2 The organelle pathways of 
sphencal organelles with a diameter between 0 2 and 0 6 цт were measured m 
recordings of median focal planes from three growing pollen tubes (table 1) and m a 
recording of extruded cytoplasm Time-lapse senes of images were collected with an 
interval of 0 40 seconds for pollen tubes and 0 24 seconds for free organelles in 
extruded cytoplasm The pixel size was 0 027 цт 2 and the size of the observed field 
was 14x19 ц т Further analyses of the data files as desenbed here was done with 
version 6 07 of the SAS System (SAS Institute, INC , Сагу, NC, USA) 
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Table 1. Growth properties of the cells presented in this chapter 
(N D=not determined) 
duration of culture (min) 
growth speed (μητ/s) 
length of the tube (μπι) 
Cell i 
155 
0.005 
N.D 
Cell 2 
90 
0.007 
94 
СеІІЗ 
120 
0.026 
200 
Table 2 Characteristics of the primary data sets 
These include all data of the organelles measured in one recording Three median focal planes were recorded 
per cell the tip part, the part of the lube immediately adjacent to the tip (sub) and a part of the tube halfway 
between tip and gram The minimum distance to the tip, the lenght of the observed area and the diameter of the 
tube are given The time-lapse senes of images starts at t=0 00 All discernable organelles that first appeared 
between t=0 00 s and t=üme A were measured Organelles were measured until they disappeared from the focal 
plane, which was at a time between t=2 0 s and t=time В Between t=time A and t=time В no new organelle 
pathways were traced (see also Fig 2 in Chapter 2) N means the total number 
Cell 
distance to Up (μπι) 
length observed (цт) 
diameter tube (цт) 
time A (s) 
time В (s) 
N observations 
N organelles 
1 
tip 
0 
18.5 
8.4 
22.0 
39.6 
1412 
81 
sub 
18.5 
19.4 
10.3 
40.0 
63.2 
3036 
207 
tube 
75 
19.4 
10.5 
37.2 
41.2 
3083 
175 
2 
tip 
0 
11.7 
10.2 
12.4 
25.6 
839 
50 
sub 
11.5 
14.0 
10.4 
21.2 
29.6 
2193 
118 
tube 
65 
15.5 
10.3 
12 0 
29.6 
1170 
75 
3 
tip 
0 
12.6 
9.8 
9.2 
27.2 
747 
55 
sub 
12.5 
15.0 
9.8 
7.2 
27.2 
915 
71 
tube 
110 
21.2 
9.0 
8.4 
29.6 
1997 
130 
Some characteristics of the primary datasets containing all organelles measured in 
a recorded field are listed in table 2. Three fields were recorded in each pollen tube: 
the tip area, the part of the tube immediately adjacent to the tip (sub in table 2), and a 
part of the tube between tip and grain. The lengths of a piece of a pollen tube in the 
observation field were not equal. To allow comparisons both between corresponding 
regions of the cells and along the length of the pollen tube, the *-axes were divided in 
6 μπι-wide regions. This gave fairly good matches between the three cells (see Fig. 9) 
and a minimal loss of measured data. Two minor adjustments were made the second 
region in Cell 2 had a width of 5 цт, and the mid-position of the third region in Cell 3 
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was at 16 μπι. The measurement data were split into subsets on the x-coordinates, the 
organelle pathways initially extending over two regions were split and divided into two 
trajectories. Here upon the term trajectory is used for organelle pathways or parts 
thereof confined to one region. Trajectories shorter than 2 seconds or with time gaps 
were excluded from the 6 цт-wide subsets. 
A trajectory consists of a variable number of positions, connected by 
displacements. Positions are characterised by their (x,y) coordinates and a time point, /. 
Each displacement has a distance parameter (dist), that gives the distance between the 
current position and the previous position, and a velocity parameter (ve/), which is 
dist/ΟΛΟ for pollen tubes and dist/0.24 for free organelles. The time average of a 
parameter over displacements within one trajectory is denoted as <parameter>. An 
average over trajectories in a subset is given as parameter . In this study, population 
characteristics were calculated with (time) averaged parameter(s) per trajectory. This 
procedure was chosen to eliminate the effect of different time lengths of the 
trajectories and obtain an equal number of values for all organelles. Additionally, 
averaging within a trajectory neutralizes correlations in the error component of the 
position and displacement data. 
Mean square displacement 
Qian et al. (1991) provided a good theoretical basis for the use of the Mean 
square displacement (MSD) to analyze particles in biological systems where random 
diffusion and/or transport at uniform velocity in two dimensions occurs. The MSD is 
calculated (eq. 1) as the average square distance between the position at time t, (xi,yt), 
and the position at the starting time (хо,Уо) of all measured trajectories. 
MSD(0 = (x,-Xof*(yt-yJ (1) 
The MSD is related to the diffusion coefficient, D, and the flow velocity, v, by 
MSD(I) = 4Dt + vV (2) 
Equation 2 shows that for free diffusion without flow the MSD is proportional to the 
diffusion coefficient and rises linearly with time. Under influence of a constant motion 
without diffusion, the MSD is proportional to the square flow velocity and rises 
quadratic with time (Qian et al. 1991; Weiss et al. 1990). Diffusion with superimposed 
flow results in an intermediate positive curvature, while diffusion in a finite region 
results in a plot with negative curvature in time. 
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We tried to determine the relation between MSD and time of the trajectories in 
the 6 μιη-wide subsets, while taking into account the criteria defined by Qian et al. 
(1991) for stable calculation of the MSD. Firstly, the total measurement time should be 
much smaller than S/4D or S/^D+vH), where S is the surface available for 
diffusion/movement. Since D and ν are unknown, we used 6 μπι/mean velocity to 
calculate the maximum measurement time, and found values between 7 and 21 seconds 
for the different regions. Only organelles with equal observation times were included 
in the analyses. Secondly, the analysis needs to be carried out with large numbers 
(>100) of particles observed for long times to ensure reliable determination of 
diffusion coefficients and flow velocities. In our observations, the low numbers of long 
organelle trajectories in the regions compelled us to set a minimum of five organelles 
for each analysis. The number of observations was limited by either the time length 
(<6|im/mean velocity) or the number of organelles (>5), whichever was reached first. 
Consequently, MSD values could be calculated as an average of 5 to 14 organelles 
during a time range of 4.8 to 12 seconds in the different regions. 
Regularity quotient 
Equation 2 shows that doubling of the time results in doubling of the MSD value 
in case of free diffusion but gives a fourfold higher MSD under constant motion. The 
ratio between the MSD at time t and at time 2t thus provides a way to express the 
general behaviour of a population. The concept of this ratio was described by Jarosch 
(1956, see also Chang, 1981) in a study on onion organelle trajectories. He named it 
"Regelmäßigkeitquotient" or Regularity quotient, (Qr). The Qr expresses the regularity 
of organelle movements, both in direction and velocity, by a value between 2 and 4. 
The theory of Jarosch is valid for short time intervals for t and 2t, which made it easier 
to obtain large samples. He registered the positions of organelles at regular time 
intervals and calculated the distance differences during each interval and during the 
doubled interval. The quotient of the two mean square distance differences gave the 
Qr. In this study, mean square distance differences were first determined for each 
trajectory and next the average of all trajectories gave the Qr that characterised the 
population (eq. 3). 
Qr = < dist2d >/ < dist2 > (3) 
dist gives the distance between the current position and the previous position (time 
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interval=0 40 or 0 24 s) and disti is the distance between the current position and the 
position before the previous one (time interval=0 80 or 0 48 s) 
Progressjveness ratio 
The straightness of a trajectory can be described by the ratio between the distance 
from the first (хо,Уо) to the last (x
e
y
e
) position and the total displacement distance 
(Ldisf) This ratio is called the Progressiveness ratio, Ρ (Overstreet et al 1979) 
Ρ = J(x.-xof + (y.-y
e
ffZdist (4) 
P=l 0 for an organelle moving in a perfect straight Ime and decreases for wave-like 
trajectones Multiple bends and turns will result m a very low Progressiveness ratio 
Ρ was determined for each trajectory (Sub)populations, which showed variable 
and uneven distributions, were compared by the percentage of trajectones in two 
defmed classes The class of 'nearly straight' trajectones contained those with 
0 9<P<1 0 and the class of'coiled' trajectones contained all with P<0 5 AtP=0 5 the 
total displacement distance is twice the distance of the direct Ime between first and last 
position 
Arithmetical dissection 
The method called Arithmetical dissection is founded on the ascertainment that 
"directed movement" mvolves a chronologically continuous and real displacement 
along a predefined Ime For organelles in pollen tubes, we defined movement as being 
"directed" when the x-coordinate and/or the jy-coordinate of the chronological positions 
systematically increased or decreased over at least three consecutive displacements 
with a minimal total distance of 0 5 μπι along x- or j>-axis Although two consecutive 
displacements (involving three positions) should be sufficient to detect a trend of 
continuity in the movement, we set the norm to three consecutive displacements in 
order to obtain a sufficient margin of safety The minimal transposition distance of 0 5 
цт for a sequence of directed movement was chosen by taking mto consideration the 
diameter of most organelles (0 4 цт) and the average distance covered per 
displacement (0 22 цт) 
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a MOVEMENT TYPES 1 TO 10 
X 
type 8 
to the tip and to the wall N 
χ decrease, у increase 
type 1 
to the t ip 
χ decrease, у no Irend 
type 2 / 
to the tip and to the axis 
χ decrease у decrease 
X 
tvDe 9. non —directed 
χ no trend, y no trend 
during three or more dispiacerci 
type 7 
to the wall 
no trend у increase 
type 6 
У т о the grain and to the 
/ χ increase, у increase 
/ type 5 
\ to the gra in 
\ ^ χ increase, у no trend 
\ t y p e 4 
to the grain and to the 
t y p e S к increase, у decrease 
to the axis 
no trend, у decrease 
type 1 0, undefmable 
+ χ no trend, у no trend 
wall 
axis 
b DIRECTIONAL CHANGES OF TYPES ITO V 
change from any directed movement type to a 
adjacent movement type perpendicular type diagonally opposite type opposite movement type 
type I type II type III type IV 
change from an undirected lo a directed or from a directed lo an undirected movement lype 
type V 
Figure 1 Arithmetical dissection of trajectones giveslO movement types (a) and 5 directional change types (b) 
a. Analysis of chronologically ordered x- and ^ -coordinates for systematic increase or decrease over at least 
three consecutive displacements with a minimal total distance of 0 S urn along the axis gave eight possible 
combinations for directed movement They are shown in the rosette for trajectories above the x-axis, trajectones 
under the x-axis require a mirrored rosette A distinction is made for displacements with an absence of trend in 
the coordinates depending on their number in the sequence Three or more displacements are "non-directed 
movement" (type 9, labeled as squares) and one or two displacements are "undefmable movement" (type 10, 
labeled as +) 
b Summary of the types of transitions from one to another type of movement within a trajectory Small 
transitions from any type of directed movement to one of the adjacent types of directed movement in the rosette 
are classified as type I Changes to a movement type located two places further (perpendicular) in the rosettte 
are classified as type II, three places further as type III and four places further as type IV (complete reversal of 
direction of movement) Type V groups all transitions from undirected movement (movement types 9 and 10) 
to directed movement and vice versa 
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Application of above definitions to the position data yielded stretches of increase, 
decrease or no specific trend for both coordinates. Their combination distinguished 
eight types of directed movement (movement types 1 to 8 in the rosette shown in Fig. 
la). For sequences of movement where both coordinates showed no trend, two distinct 
movement types were specified: type 9, representing so-called non-directed movement, 
for sequences with three or more consecutive displacements, and type 10, called 
undefinable movement, for sequences with only one or two consecutive displacements 
(fig. la). The organelle pathways were arithmetically dissected and each displacement 
was labelled with the type of movement determined from the relation with its 
immediate neighbours in the sequence (see Fig. 5 for examples). 
Five types of changes in movement type, and thus in movement direction, could 
be distinguished (fig. lb). Directional changes I to IV involve a directed movement of 
type 1 to 8, followed by another directed movement of a type located one to four 
places further along the rosette of Fig. la. A change from any directed movement type 
(1 to 8) to one of the two undirected movement types (9 or 10) or vice versa is a type 
V directional change. 
The relative contribution of each movement type to the total movement in a 
(sub)population is given by the Distance fraction (eq 5). 
Distance fraction -= Σαπί^/ΣύκΙ (5) 
Σί/w/type is the summed distances of displacements in a trajectory with the specified 
movement type, Zdist is the total distance of all displacements in a trajectory. The total 
of the fractions of all movement types in a (sub)population is 1.0. 
The relative contribution of movements of type 9 was also monitored by the Time 
fraction (eq. 6). 
Time fraction - Y,timeVre9/Yjtimenglon (6) 
Zi/wetypep is the summed time length of parts of trajectories with movement type 9 
located in the specified region (or lane within it), and Z//me
rcg]on is the total time length 
of all trajectories located in the specified region. Mean velocities, < ve/
ope >, were 
calculated over sequences of displacements that formed part of a trajectory with a 
specific type of movement. 
The relative frequency of directional changes was monitored by two parameters 
that gave the incidence per μπι covered distance for the whole population. The 
incidence of a change from undirected (type 9 and 10) to directed movement (type 1 to 
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8) or vice versa, ІпСжЪгемЬг, was equal to the number of type V directional changes 
divided by the total distance covered in the population. The incidence of a change from 
any directed movement type into another directed movement type, Incdlr&dlr, was equal 
to the summed number of type 1 to IV directional changes divided by the total directed 
movement (sum of types 1 to 8). 
Statistical procedures 
The sizes of the (sub)populations were unequal, and in most cases, the 
parameters {dist, vel) and the derived characteristics (P, Distance fraction, etc.) did not 
show a Gaussian distribution which made variance analyses tests unreliable. Instead, 
we used Wilcoxon rank score and Kruskal-Wallis tests (NPAR1 WAY procedure, SAS) 
to detect differences in distributions among classes of a variable. The distribution of 
the tested variable was said to be significantly different between the (sub)populations 
(classes) if the probability p<0.05. Similarity of the three cells was tested by 
comparing the distributions of any of the above mentioned characteristics. 
Comparisons of values for two zones on the pollen tube jc-axis were carried out for the 
pooled cells unless specified otherwise. Comparisons of zones on the pollen tube y-
axis were always carried out for individual cells Zone comparison tests for individual 
cells generally had less than 5 values in (one of) the classes which may influence the 
degree of discrimination. Results of Wilcoxon tests on the distributions of <vel(ype > 
were not reported if one or both classes contained less than 5 parts of trajectories. 
Figure 2 Reconstructed pathways of 81 organelles meeting all entena for data collection 
Data were collected from a video sequence with a duration of 39 6 s recorded in the apical 19 um of Cell I 
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Results 
Description of cells and trajectories 
Microscopic morphology of the pollen tubes and the organelles was as described 
in chapter 2. Fig. 2 shows a reconstruction of all organelle pathways that met the 
preset criteria for measurement during 39.6 s in the apical 19 цт of Cell 1. Organelle 
movement was highly individual since no two pathways were alike. In the extreme tip 
(0-2 цт) most organelles were too small and their motion too versatile to remain 
visible during minimally 2 s and few data were collected here. This area is primarily 
filled with Golgi vesicles, as seen in electron micrographs (Derksen et al. 1995a; 
Lancelle et al. 1987; Lancelle and Hepler, 1988). The uneven distribution of 
reconstructed pathways over the recorded median focal planes was a reflection of the 
natural variations in organelle density. The cells were observed for short times (26 to 
64 s) but during this time many organelles (50 to 207) were measured (see also table 
2). Therefore, the presented reconstructions gave a reliable impression of the organelle 
movement in three pollen tubes. Despite the natural variation in time and place and 
between cells, the results may yet be extrapolated to other pollen tubes, for reason of 
the large amount of data. A sample of 51 free organelles in extruded cytoplasm was 
measured for comparison. These organelles appeared relatively large, which was 
probably related to the absence of factors that influence the the diffraction of the light, 
like the dense cytoplasm and the cell wall in pollen tubes. Reconstruction of the free 
organelle pathways gave an impression of Brownian-like movement, with a much 
higher velocity (2.62 μιη/s) as compared to the average velocity in the pollen tubes 
(0.52 μητ/s). 
Mean square displacement 
The number and duration of adequate trajectories was too small to make a 
reliable distinction between different types of movement in each of the 6 μπι-wide 
regions. However, the curves oîMSD against time (not shown) provided a rough idea 
about tendencies along the pollen tube axis. The curves in the apical three regions were 
more or less linearly rising. The curves were steeper in regions further away from the 
tip. The plots of the regions after 19 цт behind the tip took on various forms between 
linear and quadratic, showing large differences both between adjacent regions and 
between the same regions of different cells. The curve of the MSD against time for free 
organelles was linearly rising, although somewhat irregularly, and very steeply as 
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compared to the other curves. According to these first and incomplete observations, 
organelles display a more or less Brownian-like movement in the apical region of the 
pollen tube and a more directed movement further away from the tip. 
Regularity quotient 
The Regularity quotient, Qr, was calculated for the populations of trajectories in 
the 6 цт-wide regions and for a sample of free organelles in extruded cytoplasm (fig. 
3). The Qr showed an quick increase from values close to 2.0 to above 3.2 over the 
first 19 μιη of the pollen tubes. At greater distance from the tip, the Qr showed some 
variation but remained above 3.2. The Qr of the free moving organelles was 1.82, 
which is lower than the theoretical value for Brownian movement (2.00) and lower 
than the values in the extreme tip of the pollen tube. 
4 0 
40 50 60 70 80 
Pollen lube i-axis (μπι) 
90 130 
Figure 3 Regularity quotients (Qr) for sub-populations of trajectones m three pollen tubes 
Qr values are plotted at the mid-position of the 6 urn-wide regions The * denotes the Qr value for the sample 
of free organelles in extruded cytoplasm 
Progressiveness ratio 
The percentages of'nearly straight' and 'coiled' trajectories, as defined by the 
Progressiveness ratio (P), for the 6 μπι-wide regions and the sample of free organelles 
are shown in Fig. 4a and 4b. Less than 10 % of the trajectones in the most apical 
region was 'nearly straight' (0 9<P<1 0) but this percentage increased to about 40 % at 
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25 μιη from the tip (fig. 4a). The percentages in the tube regions were remarkably 
variable. The percentage of'coiled' trajectories (P<0.5) was high (75 to 85 %) in the 
dome but quickly decreased to less than 25 % behind the tip (fig. 4b). No 'nearly 
straight' trajectories were present among the free organelles and about 90 % of them 
had л Ρ value < 0.5. 
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Figure 4. Percentage of trajectories in two classes of Progressiveness ratios (P) in three pollen tubes. 
Percentages are plotted at the mid-position of the 6 цт-wide regions, (a) Percentage of trajectories showing a 
'nearly straight' trajectory, whereby 0 9 < Ρ <, 1.0. (b) Percentage of trajectones showing a coiled trajectory, 
whereby Ρ < 0.5. The two * represent the percentages for the sample of free organelles in extruded cytoplasm. 
Arithmetical dissection 
Three examples of Arithmetical dissection of organelle pathways into parts with 
one of the ten movement types are shown in Fig 5. At first, the x-coordinate of the 
organelle pathway in Fig. 5a increased and the ^ -coordinate decreased, which resulted 
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E 3 
Figures Three examples of organdie pathways 
illustrating the procedure of Arithmetical dissection 
The circles represents approximate size and position of 
the organelles at the beginning of the pathway 
Displacements with directed movements are labeled with 
the corresponding number of their movement type (see 
Fig la and explanations in the text) Non-directed 
displacements (type 9) are not labeled here and 
(indefinable displacements (type 10) are indicated by a + 
- 0 5 
- 1 0 
- 2 0 
130 135 140 U S 150 155 
Pollen lube x-oxis (μτη) 
m movement type 4, a movement directed to 
the axis and to the gram The decrease m the 
^-coordinate stopped three positions before 
the end of the pathway, so the continuity 
check of the ^ -coordinate was restarted The 
last part of the pathway mvolved only two 
displacements and thus movement type 5 was 
the result The observed directional change 
from type 4 to type 5 corresponds to type I 
(see Fig lb) The organelle pathway m Fig 
5b started with a decrease in ^ -coordinate 
and no trend m ^-coordinate, which gave movement type 3 Later, the path showed a 
decrease m x-coordinate and no trend in ^ -coordinate (type 1) There was one 
undefinable displacement (type 10) in between, which did not fit in the precedmg 
decrease my- or coming decrease m дг-coordinate The last part of the pathway was 
diagnosed as non-directed movement (type 9), mamly because the mcrease m x-
coordmate was shorter than 0 5 μπα All directional changes were of type V Fig 5c 
shows an organelle pathway with movement respectively to the gram (type 5), to the 
üp (type 1), non-directed (type 9), to the gram and to the tip again The last 
displacement was undefinable (type 10) This pathway comprised two directional 
changes of type IV and three of type V 
A visualisation of the parts with different movement types, for the organelle 
pathways originally show m Fig 2, is presented in Fig 6 Fig 6a shows the trajectory 
parts with tip directed movement, types 8, 1 and 2, Fig 6b the parts with gram directed 
movement, types 4, 5 and 6, and Fig 6c the radial and undirected movements, types 3, 
7 9 and 10 The distances covered by the different movement types m Fig 6 varied 
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Pollen tube x-axis (μπτι) 
Figure 6 Representation of the movement types after Arithmetical dissection of the organelle pathways in the 
apical 19 um of Cell I 
a Compilation of parts of pathways with a component directed to the tip (type 1, 2 and 8, according to Fig la) 
Types 2 and 8 arc gray b. Compilation of parts of pathways with a component directed to the grain (type 4, S 
and6) Types 4 and 6 are gray, с Compilation of the remaining types of movement Parts of trajectones with 
radial movement (type 3 and 7) are gray, non-directed movements (type 9) are outlined by squares, and 
(indefinable movements (type 10) are labelled with a + 
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Figure 7 Distance fractions of the three predominant movement types in three pollen tubes 
Distance fractions are marked at the mid-position of the 6 urn-wide regions The movement types are explained 
in Fig la (a) Distance fraction of non-directed movements (type 9) (b) Distance fraction of tip directed 
movements (type 1) (c) Distance fraction of grain directed movements (type 5) The three * indicate the 
Distance fractions for the sample of free organelles in extruded cytoplasm 
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largely Calculation of the Distance fractions confirmed that movement types 1 (to the 
tip), 5 (to the grain), and 9 (non-directed) were the major contributors (fig 7) In the 
apical region the principal movement type was type 9 (fig 7c) and Distance fractions 
of types 1 (fig 7a) and 5 (fig 7b) were each lower than 0 25 The fraction of non-
directed movement decreased gradually with distance from the tip to below 0 25, 
whereas the fraction of either type 1 or type 5 mcreased notably Notice that the 
dominant component was gram-directed (type 5) in the tube of Cell 1 and 2, and tip-
directed (type 1) m Cell 3 
The Distance fractions of movement types 10 (undefinable movements), 2, 4, 6 
and 8 (directed movement with a trend along both axes) was usually less than 0 05 for 
each and together they contributed between 0 01 and 0 18 No regional accumulations 
along the long axis of the pollen tubes could be detected for these types The Distance 
fractions of radial movement (type 3 and 7) were close or equal to zero, except for the 
extreme apical region where they were between 0 05 and 0 10, which is significantly 
higher than m the other regions (p=0 0085 for type 2 and p=0 0120 for type 6) In the 
sample of free organelles, the Distance fractions of the directed movement types were 
all low and ranged from 0 03 for type 8 to 0 16 for type 3 Non-directed movements 
made up 0 29 and undefinable movements 0 10 of the total 
Further analysis of the location of the axial types of movement (fig 6a,b) within 
the 6 μιη-wide regions revealed lanes with unidirectional movement to the tip (types 8, 
1 and 2) or to the grain (types 4, 5, and 6) and lanes with bidirectional movement (fig 
8) No lanes were detectable m the most apical region and the general pattern of the 
lanes behind the tip was in accordance with a reverse fountain-like streaming 
However, m contrast to the -qualitative- descriptions given m the literature (Iwanami, 
1956, Emons et al 1991), Fig 8 is based on exact ana Arithmetical dissections of the 
reconstituted trajectones Some deviations of the reverse fountain-like streaming 
partem occured in Cell 2 an extra lane with gram-directed movement was observed 
near the wall between χ = 21.5 and 25 5 цт, and m Cell 3 tip-directed movements 
were observed along the full width of the tube regions 
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Comparison of the location of movement types 9 and 10 (see for example Fig 
6c) with the lanes described m Fig 8 suggested an uneven distribution of non-directed 
movements over the urn- and bidirectional movement lanes This was confirmed by 
investigations on the Time fractions for non-directed movement (fig 9, eq 6) m the 
three categories of lanes, but also differences between the cells became apparent The 
total Time fraction in each region was comparable to the Distance fraction for 
movement type 9 (fig 7a) In the apical regions, before 25 μπι from the tip, no general 
association could be found as the Time fractions for the three lane categories changed 
rapidly (fig 9) The tube regions of Cell 1 and 3 showed a similar order in the Time 
fractions non-directed movements were most prominent m the bidirectional movement 
lane, less present in the unidirectional tip-directed lanes and the least seen in the 
unidirectional grain-directed lane (if present) Kruskal Wallis tests confirmed that the 
observed order m the lanes was significant (Cell 1, regions after 19 μπι p=0 0274, 
Cell 3, regions between 100-130 μπι p=0 0495) In Cell 2 the overal Time fraction 
was low and non-directed movements were predominantly observed m the grain-
directed lane (no test performed) 
The average mean velocity < vel^, > of the movement types 1 and 5 m the 6 μπι-
wide regions m the three cells is given m Fig 10 Average velocities ranged from 0 30 
μτη/s (Cell 2, both movement types) m the first region, to 1 06 μπι/s (Cell 1, movement 
type 4) in the tube regions All three cells showed higher velocities for the grain-
directed movements (type 5) than for the tip-directed movements (type 1, Fig 10) in 
the first 30 to 40 μπι, though the significance of the difference could be confirmed 
only for the regions behind 19 μπι (table 3) In the tube regions of Cell 1, the gram-
directed movements had the highest average velocities, such m contrast to Cells 2 and 
3 where the tip-directed movements had a (significantly) higher velocity (fig 10, table 
3) It should be noted that the average velocities m Cell 3 were low The pattern of 
maximum velocity values m the regions was similar to the one for average mean 
velocities (figures not shown) However, m a number of cases the maximum values for 
type 1 and type 5 movements were not veritably different, considering that the error in 
velocity values is about 0 12 μητ/s (table 5, chapter 2) For example, the highest 
velocity observed for type 5 was 2 13 μηι/s (Cell 1, region at 79 μπι midpoint) and for 
type 1 it was 2 03 μητ/s (same region) 
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10 20 30 40 50 60 70 80 90 100 110 120 130 
Pollen tube i-ax!s (/¿m) 
Figure 9 Time fractions of non-directed movements within uni- and bidirectional lanes in three pollen tubes 
(a, b and c). 
The lanes are defined in Fig. 8. Time fractions are calculated for movements of type 9 (see Fig. la and eq.6 ). 
Time fractions of lanes with the same direction in a region are pooled. Fractions are marked at the mid-position 
of the 6 um-wide regions. 
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Figure 11 and 12 provide the average mean velocities for types 1 and 5 in the 
lanes described by Fig. 8. The figures show that, in general, the average velocity in the 
bidirectional lanes was lower than in the unidirectional lanes. Exceptions were: tip-
directed movement in the regions at 15, 28 and 91 μπι of Cell 1, in the regions at 8.5, 
15 and 22 μπι of Cell 2 and grain-directed movement in the region at 8.5 μπι of Cell 2. 
Wilcoxon tests (table 4) revealed that most differences in average velocity between the 
uni- and bidirectional lanes were significant, from 19 μπι onward. Significant 
differences between movement types 1 and 5 in the unidirectional lanes were also 
found from 19 μπι onward, and similar to the differences in general average velocity 
(table 4). In contrast, a significant difference between the velocity of movement types 
1 and 5 in the bidirectional lanes was found only once (Cell 3, region at 114 μπι 
midpoint). 
Directional change type I, that is a change to an adjacent movement type, was 
most frequent. The relative incidence of directional changes of type I, II, III and IV 
together (IncdirCMjir) and of type V (Jncu„dirodn) was highest in the apical 6 μπι-wide 
region (fig. 13a,b). The incidences decreased over the first 19 μπι to a level below 0.2 
for Incdir<sd,r (fig- 13a) and below 0.40 for lncu„¿irCM¡ir (fig. 13b). In the sample of free 
organelles, Incj,rGj,r was comparable to the value for the most apical regions and 
Incu„d,rc*iir was comparable to the value in the tube regions. 
Statistical evaluation 
Kruskal Wallis tests to compare the distribution of a specific characteristic 
between the three cells demonstrated a difference for the Distance fraction, the 
average velocity of movements to the grain (type 5), and for the average velocity of 
movements to the tip (type 1) only (see Figs. 7 and 10). All described characteristics 
showed a decrease or increase during the first three/four regions of the cell followed 
by a more or less stable value in the tube regions (Qr; Fig. 3, P; Fig. 4, Distance 
fraction; Fig. 7, total Time fraction; Fig. 9, mean velocities; Figs. 10, 11 and 12, 
InCd,rCH¡tr and IncundirCM]ir; Fig. 13). The pollen tube x-axis was divided in two zones, 
with the boundary at 19 μπι because the tests in table 3 showed significant differences 
from 19 μπι onward. Wilcoxon tests were performed to contrast the values of the 
features in the two zones on the pollen tube x-axis (table 4), and confirmed that the 
decrease or increase of the features in the apical regions was a distinctive characteristic 
not explained by the natural variation in the tube regions of the cell. The significance 
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of the increase in Distance fraction could be confirmed for the major movement type 
only, which was type 1 in Cell 3 and type 5 in Cell 1 and 2 (p=0.0809, which is close 
to significancy). The velocities of type 5 (to the grain) movements in Cell 3 were 
overall low. This is probably the reason why no differencecontrast was found between 
the tip area and the tube. The significantly lower velocities of non-directed movements 
(type 9) in the apical zone of Cell 1 are striking. 
Table 4 Wilcoxon contrast tests for the distribution of movement characteristics along the pollen tube x-axis 
The values of the regions between 0 and 19 urn were included in the first class and contrasted against the 
values of the regions behind 19 um Tests were performed with the combined values of the three cells, when a 
Kruskal Wallis test indicated similarity among the cells Otherwise, tests were performed for individual cells 
Probability scores <0 05 were diagnosed to be 
Characteristic 
Regularity quotient, Qr 
Progressiveness ratio, 0.9<P<1.0 
Progressiveness ratio, P<0.5 
Distance fraction, type 1 
Distance fraction, type 5 
Distance fraction, type 9 
Time fraction, type 9, total region 
< velpp, >, 
< veltypel >, 
< vel^i >, 
< VelypeS > , 
< velues > , 
< vel^pes > , 
< vel^a >, 
InCyndiresdir 
InCdir<s>d,r 
total region 
unidirectional lanes 
bidirectional lanes 
total region 
unidrectional lane 
bidirectional lanes 
total region 
significant and marked -
Combmed cells 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1-, scores wit 
Cell 1 
-
+ 
+ 
+ 
-
+ 
+ 
+ 
+ 
ι pX) 05 were marked -
Cell 2 Cell 3 
+ 
-
+ + 
+ + 
+ 
+ 
+ 
+ 
-
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Figure 13 Incidence of two classes of directional changes in three cells 
Incidences are plotted at the mid-position of the 6 um-wide regions a Incdirc>jlr, compilation of directional 
changes type I to IV b Inc
m
jIK3jm directional change type V The two * represent the mdicences for the 
sample of free organelles in extruded cytoplasm 
Discussion 
In this section we will first compare the applicability of the four analyses 
methods on organelle movement Next, we will discuss our results on organelle 
movement in pollen tubes, with respect to directionality, velocity and the cytoskeleton 
In the last section, we will adress the relationship between movement pattern and the 
cell topography 
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Applicability of motion analysis methods to organelle movement 
Accurate calculation of the MSD for moving organelles was hampered by the 
relation between measurement tune and available 2D surface and the requirement of 
large numbers (Qian et al 1991) In addition, organelles actually moved through the 
cell m a 3D manner, of which only the movements m the thin focal plane were 
sampled Smce organelle movements m living cells always are limited by the cell 
boundenes, MSD analysis is not suitable to distinguish between Brownian-like and 
duected organelle movement because of the inability to meet the theoretical 
requirements (compare 1990) 
The modification by Jarosch (1956) of the MSD analysis mto calculation of a 
Regularity quotient circumvented the requirement for long measurement tunes and 
hence for a large available surface The Qr proved suitable to characterize the general 
movement of a population of organelles in a small area, provided large numbers of 
data were collected It provides a quick index on the regularity of the movement, 
expressing both straightness and uniformity of the total population of organelles The 
theoretical values of 2 0 for Browman-like movement and 4 0 for umform linear 
movement (Jarosch, 1956) are valid under ideal situations m a stable and large 
population 
Analysis of organelle movement with the Progressiveness ratio focusses on the 
individual organelles rather than the whole population Information on the population 
can be obtained from the distribution of Ρ The ment of this method for analysis of 
organelle movement is restricted to the straightness of the path 
Preliminary organelle pathway analyses showed that standard regression methods 
were not applicable to organelle movement as they implied one general movement 
partem for the whole trajectory and did not, for example, detect saltatory movement 
Attempts to evaluate the pathways by analyses on the distances and angles of single 
displacements (results not shown) pomted at the necessity of noise reduction The 
error component in the distance of small displacements could be up to 100 percent of 
the value (see table 4, chapter 2) which had disastrous effects on the possible error in 
the angle (chapter 2) Further, the average distance (0 22 цт) covered per 
displacement was smaller than the median organelle diameter (0 4 цт), which made it 
difficult to differentiate between a 'real' movement or a local 'vibration' of individual 
displacements Smoothing methods that filter noise by averaging a number of 
displacements also leveled the pathway and (partly) erased temporary and sudden 
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fluctuations in organelle movement (results not shown). These methods also gave 
shrinkage of the trajectory caused by insufficient information at the start and end of the 
curve. 
The method of Arithmetical dissection was designed to detect the different 
patterns and movement directions that together form an individual organelle pathway. 
The method achieved reduction of noise in the coordinates and displacements in two 
ways. Firstly, sidelong movements (due to measurement errors or vibrations) were 
temporarely eliminated by considering the x- and ^ -direction separately. Secondly, the 
requirement for continuity during a minimal distance of 0.5 μπι along the axis made 
sure that all directed movements were real transpositions of organelles. Enlargement of 
the minimum number of displacements in the originally made definition, would 
increase the amount of non-directed movements. After recombining the results 
obtained for the separate axes, a spectrum of 10 different types of movement with 
associated changes from one to another type was obtained. These movement types 
provide a full description of the path, specifying the distance and velocity during 
subsequent directions. Appropriate averaging of the characteristics of individual 
trajectories provides information on the whole population as well. In conclusion, 
Arithmetical dissection gives descriptive and quantitative information on the path, the 
direction and the velocity of individual organelles and of populations of organelles. 
The analyses methods were not only applied to organelle movements in living 
pollen tubes but also to free organelles in extruded cytoplasm. The MSD analysis of 
these organelles was also restricted by time and number, yet indicated a Brownian-like 
movement. The Qr of 1.82 (fig. 3) was slightly lower than the theoretical value for 
random movements. The movements of organelles in extruded cytoplasm are not 
directed but also not truly unrestricted, possibly because of local accumulations, steric 
hindrance or adhesion to remnants of the cytoskeletal components. Networks of 
filaments have been observed in extruded cytoplasm with VEC-DIC microscopy (E. 
Pierson, personal communication). The Progressiveness ratios (fig. 4) of free 
organelles showed a large similarity with the organelles in the first 6 μπι-wide region 
of the pollen tubes. The method of Arithmetical dissection was applied to the free 
organelles using the same criteria as for organelle movement in pollen tubes, although 
the average displacement distances were different (0.60 μπι in free cytoplasm versus 
0.22 μπι in pollen tubes). As a consequence the Distance fraction of non-directed 
movements was about half (0.29) the value of the first 6 μπι wide-region (0.65, Fig. 7). 
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The lower incidence of type V directional changes was directly related to the less 
frequent occurrance of undirected movements All types of directed movement were 
found among the free organelles, indicating that the preference for movement types 1 
and 5 was specific for pollen tubes In short, the movements m the extreme tip of the 
pollen tubes showed a lack of regularity and straightness comparable to free organelles 
in extruded cytoplasm but they were much less swift and more restricted m their 
direction of movement 
The presence of position related differentiations in the characteristics associated 
with organelle movement has practical implications for the data analyses Most of the 
calculated characteristics 'integrate' the movement in the organelle pathway mto a 
single value, as for example in the Progressivenes ratio or m the mean velocity 
< veltyp, > after Arithmetical dissection When such a value is subsequently plotted 
against a single position m the pathway, like the first visible pomt m the focal plain, 
information from a whole area is brought together in one point This is misleading as 
the following example will show Suppose two organelles appear in the focal plain at 
10 цт from the tip and both travel towards the gram During the first 2 seconds both 
move at a speed of 0 6 μηι/s, then one organelle disappears from the focal plain and 
the other one continues for another 4 ц т at a speed of 1 μηι/s Assigning their mean 
velocities (0 6 and 0 87 μηι/s respectively) to their starting position suggests an 
average velocity of 0 73 μ/s at 10 цт from the tip while the actual average velocity 
was 0 6 μηι/s between 10 and 11 2 μπι from the tip and 1 0 μηι/s between 11 2 and 
15 2 μιη Therefore, organelle pathways in our analyses were split into trajectones to 
match with 6 μπι wide regions along the x-axis so that all characteristics were 
calculated over well-defined areas of the cells 
Characteristics of organelle movement in pollen tubes ofNicotiana tabacum 
Among the many reconstructed organelle pathways no two were alike and this 
clearly illustrates the individuality of the organelle movements, as described since the 
introduction of video enhanced contrast microscopy (Herth, 1985, Heslop-Harnson 
and Heslop-Hamson, 1988, Pierson et al 1990, Emons et al 1991) Our analyses 
include the pathways of more than 900 organelles collected over broad areas of three 
pollen tubes, providing highly reliable conclusions Direction-oriented representation 
of the organelle movements (fig 8) confirmed the presence of a reverse fountain-like 
streaming pattern in (the apical part of) pollen tubes, as described originally by 
79 
Chapter 3 
Iwanami (1956) for lily. Thus, our results unite the old observations on streaming 
patterns and the new observations on individual movements. 
Analyses of the movement patterns with the Regularity quotient (fig. 3), the 
Progressiveness ratio (fig. 4) and the Distance fractions of various movement types 
(fig. 7) showed a longitudinal differentiation in the pollen tubes. Organelle movement 
was variable but stable in the tube and gradually decreased in ordening between 19 and 
0 μπι (see also table 4). This confirmed the gradual change from a coordinated flow in 
the tube into agitated movement in the tip, described for reverse fountain-like 
movement patterns (Iwanami, 1956). Individual organelles change their pattern from 
'nearly straight', with a primarily axially alignment, to 'coiled' with no preferreential 
direction when entering the tip area. Similarly, the number of different movement 
types in a trajectory and the changes from one type to another increase with a 
decreasing distance from the tip. Arithmetical dissection of the trajectories also 
showed a radial differentiation of the organelle movements in pollen tubes. Several 
lanes with different movement directions parallel to the long axis of the tube existed, 
often separated by intermediate lanes with bidirectional movements (fig. 8). We also 
observed differences in velocity linked to the direction(s) of movement is a lane (fig. 
11 and 12, see below). Both the longitudinal and the radial differentiations are global 
characteristics of the organelle movement in pollen tubes, which does not prevent 
individual organelles to move in a non-directed way. A small fraction of such 
movements was present along the entire length of the tube (fig. 7) and in every type of 
lane, although more often in the bidirectional lanes (fig. 13). The latter indicates a 
form of steric hindrance. 
On the whole, the organelle pathways (fig. 6) show that the actin filaments are 
moderately straight as is also seen with fluorescence staining (Perdue and 
Parthasarathy, 1985; Pierson et al. 1986; Tang et al. 1989). The clear localisation in 
distinct lanes of movements directed to the tip and grain (fig. 8) suggest that actin 
filaments are arranged primarily in arrays with the same polarity. It is tempting to 
believe that all directed movement, as determined by Arithmetical dissection, is 
generated on actin filaments and that non-directed movement (type 9) is Brownian-
like, i.e. not actin-myosin generated. However, the definitions of Arithmetical 
dissection are not based on properties of the actin-myosin interaction and thus a 
relation of the movement types with the actin skeleton is not for certain. Theoretically, 
generation of directed movement independent from the actin skeleton remains possible. 
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Kinesin and dynein like proteins have been found m pollen tubes (Cai et al 1993, 
Moscatelli et al 1995) but their functions were not established They are probably not 
active m movement generation as no effects of colchicine or other microtubule 
affecting drugs on plasma streaming have been observed (Franke et al 1972, 
Mascarenhas and Lafountain, 1972, McCurdy and Harmon, 1992, Pierson and Cresti, 
1992) It cannot be excluded that mdirect movement occurs by towing organelles, either 
via direct connections (Derksen et al 1995a) or by streaming of viscous plasma which 
m turn is set mto motton by other moving organelles (compare the organelle movement 
m giant algae, Yoneda and Nagai, 1988) 
The average mean velocities reported here are m good agreement with the values 
reported for lily pollen tubes by Iwanami (1956) For example, the average velocity at 
20 μπι from the tip in lily was 0 55 μηι/s and m tobacco it was 0 58, 0 53, and 0 33 
μπι/s Gram-directed movement at 70 μπι from the tip had an average velocity of 0 69 
μπτ/s m lily and 1 06 or 0 69 μπι/s m tobacco The highest velocity found was 2 12 
μητ/s which is somewhat less than the maximum velocity values reported for individual 
organelles in pollen tubes of rye (2 58 μπι/s), ins (2 47 μπι/s) and rosebay (4 0 μπι/s) 
(Heslop-Harnson and Heslop-Harnson, 1987, 1988, 1990) 
Analyses of the organelle velocities for movements to the tip and to the grain 
after Arithmetical dissection revealed 1) no difference m maximum velocities, 2) 
significant differences m average mean velocities m the tube areas, 3) both directions 
can have the highest average velocity, 4) velocities are on the average lower in 
bidirectional lanes, and 5) the velocity increases from the extreme tip onward in the 
first 19 μπι of the tube The first pomt implies that the capacity of the movement 
generation by the actm-myosin interaction is not dependent on the polarity of the actin 
filaments This conclusion is further supported by the third point, that the highest 
average velocities were grain-directed in Cell 1 and tip-directed in Cell 2 and 3 
Recently, Miller et al (1995) have identified the presence of three different types of 
myosin in Nicotiana pollen tubes, largely associated with differently sized organelles 
Our results do not show differences m velocity based on organelle size although in 
vitro assays have shown velocity differences between myosins (see discussion in 
Miller et al 1995) The presence of several types of myosin molecules on the 
membrane of a single organelle could relate to time and position dependent organelle 
velocities Alternatively, explanations for the observed differences m (average) mean 
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velocities could be found in the interaction of the cellular environment with the 
movement generating mechanism 
Movement pattern and cell topography 
Variations in velocity within an organelle pathway or among organelles in the 
same area of the tube can be the result of stenc hindrance, like obstruction by other 
organelles, ER tubules or cytoskeletal elements The low velocities and the high Time 
fraction in the bidirectional lanes (fig 9, 11 and 12) could be caused in this way On 
the other hand, an organelle might be able to accelerate when it takes advantage of the 
'slip stream' of (an) organelle(s) moving in front of him and this mechanism can occur 
m the unidirectional lanes Local variations in viscosity of the cytosol may also cause 
velocity variation Estimation of the viscosity of the cytosol as expierenced by the 
moving particle has been earned out using laser Doppler microscopy (Steer et al 
1984) The estimated viscosities were extremely variable, not only between pollen 
tubes, but also within the same tube The measurements of cytoskeletal tension m 
living plant cells might also indicate a great variability in general viscosity of the 
plasma (Schindler, 1995) A third factor that can induce local variations m velocity is 
the availability of metabolites and cofactors, like ATP and Ca2 
The longitudinal differentiation in organelle velocity is most likely explained by 
the tip-focussed gradient of Ca2h (Miller et al 1992, Pierson et al 1994, Malho et al 
1995) The high calcium concentration probably fragments the actin filaments and 
inactivates myosin function (Kohno and Shimmen, 1987, Kohno and Shimmen, 1988a, 
1988b) Directed movements did become shorter with smaller distance between 
organelle and the tip (compare Fig 2) Probably, actin filaments are even absent from 
the extreme tip (Miller et al 1996) In addition, stenc hindrance by the high amount of 
secretory vesicles and a high viscosity due to high protein levels adversely influence 
the regular movement of organelles in the tip region of pollen tubes 
A physical explanation for the observed radial differences in average velocities 
can be inferred from the fact that the flow velocity is inversely proportional with the 
volume of a stream If the number of organelles delivered to the tip and exported from 
the tip are equal, the average velocity should be high in lanes with a small volume 
This appears true for Cell 1, and for the tip areas in Cell 2 and 3 which showed a 
reverse fountain-like streaming partem The average mean velocity was high in the 
central grain-directed lane with a small cihndncal volume and low in the phenpheral 
tip-directed lane with a larger cihndncal volume (figs 11 and 12 ) The partem m Fig 
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8b for the tube of Cell 2 suggests a rotation streaming with two oppositely directed 
lanes of which the tip-directed is smallest m volume and has the highest velocity The 
model could also be true for the movement between 13 and 25 μτα of the tip in Cell 3, 
where the grain-directed lane is slightly larger than the tip-directed lane and the former 
has the highest velocity Figure 8 also shows that bidirectional lanes were found in 
areas with a reverse fountain-like streaming pattern and not in areas with a rotational 
streaming pattern The results do not display wether the velocity is lower at the border 
of an unidirectional lane as compared to its centre However, the pattern and the low 
velocities in the tube of Cell 3 might give an indication at least The focal plane might 
contain the borderland of a tip-directed stream with a gram-directed stream just below 
the focal plane In the bidirectional area the movements from the gram-directed lane 
pop up in the focal plane Shearing forces between the two rotation streams may then 
cause relatively low velocities 
The presented data on the organelle velocity do not provide information on 
(periodic) acceleration or deceleration within one organelle pathway Koles et al 
(1982a, 1982b) reported on the oscillatory nature of the velocity of organelles moving 
on microtubules in axons oiXenophus laevis They examined the frequency peaks and 
amplitudes in the power spectra of the positional deviations after Fast Fourier 
Transformation Using a similar procedure on organelles m animal and human axons, 
Weiss and coworkers (Gulden et al 1988, Weiss et al 1990) concluded that the 
periodicity (frequency peaks) in their spectra reflected the sampling time Both groups 
found indications that the instantaneous velocity depends on local properties of the 
stationary cytoplasm (Koles et al 1982b, Gulden et al 1988) Application of their 
analysis technique on the organelle pathways presented here could give information on 
the presence of periodic variations m the velocity of actin-myosin generated 
movement 
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Abstract 
A method based on analysis of the region of movement and the functioning of the 
acto-myosin cytoskeleton has been elaborated to quantify and classify patterns of 
organelle movement in tobacco pollen tubes. The trajectory was dilated to the region 
of movement which was then reduced to give a one-pixel-wide skeleton, represented 
by a graph structure. The longest line in this skeleton was hypothesized to represent 
the basic track of the organelle along a single actin filament. Quantitative features were 
derived from the graph structure, direction of movement on the longest skeletal line 
and distance between skeletal line and particle. These features corresponded to 
biological events like the amount of linear movement or the probability of attachment 
of an organelle to the actin filament. From 81 analyzed organelle trajectories, 17 had 
completely linear, 17 had completely non-linear and 47 had alternating linear and non-
linear movement. Selected features were employed for classification and ranking of the 
movement patterns of a representative sample of the population of organelles moving 
in the cell tip. The presented methods can be applied to any field where analysis and 
classification of particle motion are intended. 
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Introduction 
Targeted movement of cells, nuclei, organelles, or intracellular substances is one 
of the most striking features common to biological systems. In animal cells, most types 
of movement are brought about by interaction between microtubules and motor 
molecules, i.e. kinesin or dynein (Walker and Sheetz, 1993). Organelle movement in 
plant cells is essentially coupled to the interaction between actin filaments and myosin 
molecules (Shimmen, 1988; Tang et al. 1989a; Williamson, 1993), although proteins 
resembling microtubule associated motor proteins have been found (Cai et al. 1996). 
Actin filaments are conserved structures which consist of a rather straight and 
unbranched strand of actin monomers with a polarity that dictates the direction of 
movement (Derksen et al. 1990; Pierson and Cresti, 1992; Sheterline and Sparrow, 
1994). Single actin filaments of sometimes opposite polarity may be arranged into 
bundles. The use of anti-actin antibodies or specific markers for filamentous actin, like 
phalloidin, has revealed the presence of a dense network of actin filaments (Derksen et 
al. 1990; Lloyd, 1989; Seagull et al. 1987; Staiger and Schliwa, 1987). Recent 
observations (Liu et al. 1990; Schindler, 1995) indicate that actin filaments in living 
plant cells also have a certain flexibility. Myosin molecules are capable of 
translocating particles over single actin filaments by a combination of energy 
consumption and conformational changes of the molecule (Jiang and Sheetz, 1994; 
Pollard et al. 1991). Many myosin molecules are located on the surface of cellular 
organelles (Hammer, 1994; Miyata et al. 1989; Yokota et al. 1995). 
Pollen tubes, the long cylindrical cells through which the two sperm cells move 
to the ovary, are a favorite object for the study of organelle movement 
(Heslop-Harrison and Heslop-Hamson, 1987, 1988; Pierson et al. 1990; Pierson and 
Cresti, 1992) and the cytoskeleton (Perdue and Parthasarathy, 1985; Pierson et al. 
1986; Lancelle and Hepler, 1988; Tang et al. 1989a, 1989b; Kohno et al. 1990; Pierson 
and Cresti, 1992; Derksen et al. 1995b; Miller et al. 1995). Early reports describe 
regular cytoplasmic streaming as a flow of the cytoplasm in distinct lanes through the 
tube. In lily (Iwanami, 1956) and tobacco (Derksen et al. 1995a), for example, the 
streaming pattern is from base to tip and vice-versa in the tube and reverse fountain-
like behind the tip. Application of video-enhanced contrast microscopy to these cells 
has shown that organelles move as individual elements with regards to their velocity, 
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direction and movement pattern (Heslop-Hamson and Heslop-Harnson, 1987, 1988, 
Pierson et al 1990) 
Analysis of the movement patterns of organelles from different sources resulted 
in a preliminary classification (Weiss et al 1986) that distinguished three types of 
random movement, such as restricted Browman motion, and eight types of active 
movement, such as continuous movement with constant or irregular velocity, saltatory 
movement, and interrupted movement with pauses and reversals of direction These 
different types of movement suggest that organelle movement is not simply a vectorial 
movement based on a continuous and constant interaction between microtubules or 
actin filaments and motor molecules Differences between movement patterns might be 
brought about by regulation of the motor molecules, by the morphology of the 
cytoskeleton, by mutual interaction between organelles (Pierson et al 1990), by 
physical factors like viscosity or stenc hindrance, or by superimposed random 
movement 
Although numerous descriptions of organelle movements exist, few studies 
contain numeric measurement To our knowledge, this article is the first to provide a 
quantitative analysis of organelle movement m a plant cell It presents a method to 
classify organelle movement patterns according to non-subjective entena In the first 
step, region-based curve analysis (Womng and de Win, 1996) is performed on the 
trajectory of each organelle In this way, a single line is obtained which is assumed to 
represent the basic track of the organelle along a single actm filament In the second 
step, evaluation of the trajectory, projected on this hypothetical actin filament, gives 
quantitative features that allow identification and charactenzation of different modes 
of movement In the third step, these quantitative data are employed to define an 
ordenng m classes and a continuous ranking 
Materials and methods 
Data collection 
Pollen tubes of Nicotiana tabacum L cv Samsun were cultured in vitro (Derksen 
et al 1995 a) at 28°C for 1 5 to 2 5 hours and transfened to a microscope slide 
Samples were observed with an Umvar microscope (Reichert-Leica, Vienna, Austria) 
using Nomarski differential interference contrast (DIC) optics in which organelles 
appeared as shadow-casted disks Observations were done with a Plan Apo lOOx oil 
ins lens, NA=1 32, infinity corrected, an mtemal 1 6x magnifying lens and two 
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Figure 1. Measurement of organelle 
movement. 
a: Overview of the tip of the pollen 
tube. The arrow points at the 
organelle that will be measured, b-
g. Sequence at 0.40 seconds 
interval, b. The arrow points at the 
measured organelle of which the 
centre was interactively marked 
with the cursor, c-g. Marked 
positions from previous images are 
copied onto the current image and 
the new position of the centre is 
marked. Scale bar a: 6 μια, b: 1 um. 
integrated heat filters. The 
optical χ,^-resolution was 
about 0.21 μηι and the 
depth of visibility about 
0.6-0.8 цт . The movements 
of organelles in the median 
focal plane were recorded 
with 
video-enhanced contrast 
(VEC) techniques 
(Lichtscheidl and Weiss, 
1988). Sequences of the 
video recording were 
converted to series of time-
lapsed images with an 
interval of 0.40 seconds and 
a pixel size of 0.027 ц т 2 
(Fig. 1). These digital 
images were further 
employed to determine 
interactively the positions 
of the organelles, i.e. the 
centre of the organelles 
image, using a Video Image 
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and Data Analysis System (VIDAS, version 2.1, Kontron, Eching, Germany) (see 
chapter 2). The positions were collected with an accuracy of about 0.03 μηι and 
reflected the position in the cell. Only organelle trajectones which could be observed 
for at least 2.40 seconds were included and measured as long as they were visible in 
the focal plane. A total of 81 organelles were measured in the apical 18 цт of the tip 
of a pollen tube with a diameter of 9 цт. The diameter of the organelles (average 0.40 
цт) was estimated by comparison of their image with disks of known size (see chapter 
2). The error of measurement in the diameter was estimated to 0.06 цт. In the sequel 
the radius of the organelle will be abbreviated to r
org. 
"-ν 
X 
A 
~> 4. 
X 
α 
d 
^ à 
ГЙРІУ 
b 
?• 
e 
length 1 
1 6 * 
1 2 -
0 β -
0 4 -
0 0 -
μ η ι ) 
I 
time (s) 0 2 4 
С 
f 
ι ι 
6 8 
Figure 2 Steps in the region-based curve analysis 
a The original trajectory is drawn as a line image b The line is dilated to a region with disks the size of the 
organelle radius Some of the disks are drawn с The outline of the region is drawn The region is reduced to 
give a one-pixel-wide skeletal line Arrowhead end point, cardinality 1, small arrow link point, 
cardinality=2, large arrow branch point, cardinality3 d The skeletal line is converted to a graph structure 
The path lengths of the corresponding skeletal line segment are attributed to the edges and the longest path 
(arrowheads) is defined e The longest path represents the longest skeletal line The original positions (dots) 
are projected on this line f A time plot of the length from the start along the longest skeletal line to each 
projected position shows the course of the movement Scale bar 1 urn 
Region-based curve analysis 
In (Worring and de Win, 1996) a new method for motion analysis was introduced 
in which the 2D-region where the movement takes place is considered, in contrast to 
traditional methods which consider movement as a curve. In this paper we will 
elaborate on that approach by feature measurement and a classification scheme We 
92 
Classification of trajectories 
first briefly describe the method of region-based curve analysis performed with the 
SCILImage (Centre of Image Processing and Pattern Recognition, Delft, The 
Netherlands) image processing environment (van Balen and Smeulders, 1994). 
• Time-lapsed (x,y) data were converted into a continuous curve / by linear 
interpolation of the points (Fig. 2a). 
• The region in which the organelle has moved is reconstructed by dilation of / with a 
disk with a radius equal to rorg (Fig. 2b). As a consequence, parts of the line closer 
together than the diameter of the organelle merge into a larger region. In practice, 
this is computed by viewing / as a two-dimensional image and placing a pixel grid 
on it with a grid constant significantly smaller than the distance between two 
observed points. A discrete distance transform is then used to compute for each grid 
point an approximation of the distance to /. Once this value is attained the dilation 
can be computed by selecting all points with a distance smaller or equal to rorg. The 
resolution of the applied pixel grid was higher than that of the VIDAS and the latter, 
therefore, determines the accuracy of the following feature measurements. 
• The resulting binary image is reduced to a one-pixel-wide skeleton (Fig. 2c). Again, 
the discrete distance transform is used for implementation; the skeletal line is 
formed by connecting the points which locally have maximal distance to the 
boundary of the region (for more details see Dorst, 1986; Niblack et al. 1992). Prior 
to skeleton computation, holes in the binary image of the movement region were 
removed because they interfere with formation of a skeleton consisting of a head 
line with side branches. In the resulting skeletal line, three types of points can be 
distinguished: end points, link points and branch points (Fig. 2c). End points have 
only one neighboring pixel in the skeletal line and therefore have a cardinality of 1. 
Link points have neighboring pixels on exactly two sides and a cardinality of 2. 
Branch points are connected to three or more pixels of the skeletal line, and hence 
have a cardinality of at least 3. 
• The structure of the skeleton corresponds to a graph structure where the vertices, 
defined by the set of end and branch points of the skeleton, are related by an edge if 
they are connected in the skeleton through a set of succesive link points (Fig. 2d). 
Note that the vertices have a cardinality and coordinates equal to the corresponding 
points in the skeleton. Edges are assigned the length along the link points of the 
corresponding skeletal line segment as an attribute, corrected for digitization effects, 
leading to a weighted graph structure. 
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• The longest path in the weighted graph represents the longest skeletal line (Fig 2d) 
On this basis, we further distinguish first order lateral branches which are connected 
to the longest path, second order lateral branches which are connected to first order 
lateral branches, and so on The original positions of the trajectory are projected on 
the closest point of the longest skeletal line (Fig 2e) As a consequence each 
projection is characterized by three parameters 1) a length parameter that gives the 
length along the link points of the longest skeletal Ime, 2) a parameter that gives the 
distance between original and projected position, and 3) a parameter that gives the 
distance of the projected position to the boundary of the binary image of the region 
Since the original positions are ordered in a time-course, the length parameter also 
contains information on the direction of movement (forwards or backwards) with 
respect to the longest skeletal line (Fig 2f) 
Quantification of the movement patterns 
Features allowing quantification of the movement pattern were derived from the 
(weighted) graph structure, the movement direction on the longest skeletal line, and the 
distance between original position and longest skeletal line The idea was conceived 
that the longest skeletal line represents the actin filament on which the movement is 
based This interpretation leads to three biological entena that can be used to 
differentiate m the feature analysis ή An actin filament is a relatively straight, 
unbranched protein chain u) The polanty of the actin filament dictates the direction of 
movement ni) The distance between an actin filament and the center of an attached 
organelle is maximally equal to r
org Possible displacements of the real actin filament 
underlying the movement (observations in living plant cells, D D Miller and E S 
Pierson, personal communications) are included m the shape of the hypothetical 
filament which is denved from a time sequence of the organelle positions The 
thickness of actin filaments (5-7 nm) and filament bundles can be neglected compared 
to the error in the measurement of organelle position and diameter Programmes for the 
analyses were wntten with version 6 07 of SAS (Statistical Analysis System, SAS 
Institute, INC , Cary, NC, USA) 
Features of the (weighted) graph structure The graph structure provides a 
symbolic descnption of the movement trajectory The following features were 
determined for each organelle 
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Gl: total number of lateral branches of the first order. This feature gives all branch 
points of the longest path and indicates possible irregularities in the movement 
pattern. 
G2: corrected number of lateral branches. The length of first (and second) order lateral 
branches has to be > rorg to be included in G2. These lateral branches indicate a 
movement partly without contact with the longest path. 
G3: total length of the edges in the longest path. A longer path length indicates a larger 
likelihood that the path indeed represents an actin filament. 
G4: angular deviation. All edges have a start and end vertex and, thus, an orientation 
denoted by the angle with the x-axis. The angular deviation is the difference in 
angle between the first and last edge in the longest path. A larger deviation indicates 
a more curved path and a lower likelihood that the path matches a single (straight) 
actin filament. Angular deviations can not be calculated for graph structures with 
only one edge (G1=0). 
Features of the movement direction along the longest skeletal line. The direction 
of the longest skeletal line is defined by the direction in which the largest movement 
distance is covered. Increase or decrease in the length parameter (with respect to 
longest skeletal line direction) indicates forward or backward directed movement at 
each position (Fig. 2f). By definition, a displacement was assumed to be real when the 
region occupied by the organelle at a certain position had nothing in common with the 
region occupied at the starting position. In practice, the displacement distance then 
exceeded the size of the organelle diameter. 
Features can be determined from the direction of movement at each position and, 
also, from the preservation of direction. The longer the movement in one direction, the 
higher the probability that this movement is generated by an actin-myosin interaction. 
Linear movement is defined as chronologically continuous movement in which the 
directional progression on the longest skeletal line exceeds a distance equal or larger to 
the diameter of the organelle. Movement is defined to be non-linear in all other cases. 
The following features were calculated for each organelle. 
Ml: fraction of linear movement. The parameter is 1.00 for exclusively forward 
directed movement and zero for complete non-linear movement. 
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M lb fraction of linear movement in backward direction Linear movements m forward 
and backward direction may mdicate movement along a bundle with actin filaments 
of opposite polarity 
M2 number of stretches with linear and non-lmear movement The value is one if 
M 1=0 00 or M 1=1 00 Higher numbers mdicate alternations of linear and non-lmear 
movement 
M3 mean distance covered during linear movement The minimum value is equal to 
the organelle diameter, except when M 1=0 00, then it is zero The longer the 
distance of linear movement, the more probable a stable actin-myosrn interaction 
has occurred 
M4 mean endurance time of non-lmear movement This feature is zero if Ml=l 00 
The larger the time spent m non-lmear movement, the less probable an organelle-
actin interaction has occurred 
M5 residual distance of the longest skeletal line This feature gives the result of the 
length of the longest skeletal Ime plus the distance covered m the backward 
direction subtracted from the distance covered in the forward direction M5 is zero 
if all movement m the backward direction is counteracted by movement in the 
forward direction However, this is not the case if the organelle starts or ends its 
movement at a pomt along the longest skeletal Ime Then, M5 gives the distance to 
the closest extreme point of the longest skeletal Ime 
Мб number of times that the length of the longest skeletal line is covered The feature 
has a value of one if M1=1 00 A higher value denotes a movement pattern with 
forward and backward movement 
Features of the distance between original position and longest skeletal Ime In 
comparison to the previous section, features can be determined from the distance 
between the organelle and the longest skeletal Ime at each position, but also from the 
preservation of filament attachment Generation of movement by actin-myosin 
interaction is only possible if the organelle stays attached to the actin filament 
Consistently filament-attached movement is defined as chronologically continuous 
movement in which the distances between organelle and longest skeletal line are <r
org 
during more than one second The movement is non-filament-attached in all other 
cases The following features were calculated for each organelle 
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Fl: fraction of the movement time that the organelle is consistently filament-attached. 
The feature is 1.00 if the organelle remains attached to the filament during the total 
duration of the trajectory. A lower value indicates that part of the movement pattern 
is more than rorg removed from the longest skeletal line. 
F2: mean endurance of consistently filament-attached movement. This feature equals 
the observation time if Fl is 1.00. The longer the attachment to the filament lasts, 
the stronger and more probable the organelle-filament interaction has occurred. 
Pre-classification 
check 
Fl=1.00 continue 
Primary class 
Ml=1.00: 
0 00<M1<1 00 : 
M1=0 00 : 
F1<1 00 · dissect and re-analyse 
1 
2 
3 
Secondary class 
Mlb=0.00 : 
Mlb>0.00 · 
dissected in 2 parts 
before analysis 
dissected in 3 parts 
before analysis : 
1 
2 
2 
3 
Tertiary 
class 
Index is 
given by 
value M2 
Class 
name 
1 1.1 
12 1 
2.12 
2.1.3 
2.2.2 
2.2.3 
3.1.1 
Ranking in 
the class 
G3, in 
descending 
order 
Figure 3 The classification strategy 
The key should be followed from left to right. More details can be found in the text. 
Classification strategy 
Hierarchical classification and continuous ranking was applied to movement 
patterns according to the strategy in Fig. 3. 
• Movement pattern with complete consistently filament-attached movement 
(F 1=1.00) were used directly. Patterns with partly non-filament-attached movement 
(Fl<1.00) or with lateral branches (G2>0) were dissected and re-analyzed to give 
two or more longest skeletal lines where Fl=l .00 for all of them (for reasoning, see 
discussion on classification strategy). The combined values of the separate parts 
were used in the following steps. 
• The primary classification is based on the presence of actin-myosin generated, thus 
linear, movement. Three classes are distinguished based on the fraction of linear 
movement: linear (Ml=1.00, primary class 1), combined (0.00<M1<1.00, primary 
class 2) and non-linear (M1=0.00, primary class 3) movement. 
• Linear movement (primary class 1 and 2) is directed by the polarity of the actin 
filament. The presence of linear movement in a backward direction (Mlb>0.00) 
distinguishes the secondary class, 1.2 and 2.2, of patterns containing movement on 
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more than one filament The number of longest skeletal lines m dissected and re­
analyzed patterns also defines the secondary class 
• M2, the index for the number of linear and non-linear stretches in one pattern, is the 
next criterium for classification It distinguishes the final classes (2 1 2, 2 1 3 and 
so on) on the alternation in movement type 
• To obtain a ranking order among the organelles present m these classes, G3, the 
length of the longest skeletal Ime, was used Ranking was done for each class 
separately in descending order 
Results 
The above described method was used to analyze and classify the trajectones of 
81 organelles, collected without preferences while moving m the apical 18 цт of a 
Nicotmna tabacum pollen tube An example showing the first six time lapse positions 
of an organelle is shown in Fig 1 Various aspects of the derived features and 
classification strategy are illustrated by ten example trajectones (Fig 4, Table 1-4) 
Region-based curve analysis 
Most trajectones were adequately descnbed by their graph structures and longest 
skeletal lmes The graph structure sometimes gave a greatly reduced pattern (examples 
Fig 4b7 and 4b 10) or showed a high degree of similanty between the longest skeletal 
Ime and the trajectory (example Fig 4a6 and 4c6) Incidently, a descnption which 
seemed too complex was found (example Fig 4b2) 
Features of the weighted graph structure 
The weighted graph structures of the example movement patterns are presented m 
Fig 4b 1-10 and their feature values m Table 1 Lateral branches were observed m 
eight of the ten graphs (Gl > 0), but, as the G2 value indicates, only one organelle 
showed a behavior with a movement without contact with the longest path G3 values 
represented the longest path length Organelle 7 had the shortest longest path length 
(G3=0 37 цт) which was just larger than the organelle diameter (0 33 цт) No 
angular deviation (G4) could be calculated in the cases of organelle 6 and 9 smce their 
graph had only one edge The large curve m the graph of organelle 5 (G4=l 19 degrees) 
mdicated a considerable change m direction The angular deviation of organelle 1 
seems too large, but was caused by a short end-edge None of the graphs m Fig 4b 1-
10 showed a second order lateral branch, but an example can be seen in Fig 2d 
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-^Y 
V 
8 
1 0 
ЭФ 
^ 
Ь 
\ 
Figure 4. Ten selected organelle movement patterns. 
al-alO The original trajectories. The first position of the movement is indicated by a circle of about the size of 
the organelle. Ы-Ы0 The graphs structures. cl-clO The longest skeletal line with the original positions. Scale 
bar: 1 um. 
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Table 1 Parameters derived from the (weighted) graph structure 
Gl = total number of lateral branches of the first order. G2= number of lateral branches with a length > т^ 
G3= total length of the edges m the longest path G4= angular deviation, difference in angle between the first 
and last edge of the longest path ND indicates that a value could not be determined which happens when 
G1=0. 
Organelle 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Gl 
2 
4 
2 
2 
2 
0 
2 
1 
0 
2 
G2 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
G3 
( ц т ) 
I 88 
1.55 
2.18 
2.17 
4.42 
4.96 
0.37 
0.44 
1.24 
0.48 
G4 
(degrees) 
50 
27 
42 
8 
119 
ND 
1 
9 
ND 
33 
In the set of 81 organelles, 16 had a Gl value of zero, and the maximum Gl 
value was five. Only seven organelles had a G2 value of one or two, leaving 74 
organelles with G2=0. Values for G3 ranged from 0.16 to 11.48 цт. The angular 
deviation (G4) had values between 1 and 192 degrees. G4 could not be determined in 
16 cases. Second order lateral branches were seen in six graph structures. They all had 
lengths smaller than r
org and, thus, did not represent serious deviations from the first 
order lateral branch. 
Features of the movement direction 
Features Ml to M6, derived from the direction of movement on the longest 
skeletal line are shown in Table 2 for the ten selected organelles. Three examples 
showed exclusively forward directed movement (M 1=1.00: organelle 3, 6 and 9), 
leading to one movement stretch (M2=l) per partem and a length of linear movement 
(M3) equal to G3. Organelle 7 showed total absence of linear movement (M1=0.00) 
which also led to M2=l and to an endurance of non-linear movement (M4) equal to the 
observation time (see also F2). The other examples showed partly linear movement 
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divided over two to six stretches (M2), and with a value for both the (mean) length of 
linear movement (M3) and the (mean) endurance of non-linear movement (M4) Three 
organelles (1,2 and 10) traversed about a third of their distance m linear movement m 
backward direction (Mlb) Note that organelle 8 has a value for M3 equal to G3 
although it was partly linear (M1=0 43) Organelle 5 has a non-linear movement 
stretch of 0 40 seconds, which is equal to one position Examples of a return 
movement (M5) to the beginning (organelles 1 and 10) and from the end (organelles 2 
and 8) of the longest skeletal line were seen M6, ratio of the length along the 
interconnections between the projected positions and the length of the longest path, 
provided a measure of reduction 
Table 2 Parameters derived from the direction of movement on the longest skeletal line 
Ml= fraction of the linear movement calculated over the distance along the longest skeletal line Mlb= fraction 
of linear movement in backward direction M2= number of stretches with linear and non-linear movement 
M3= mean distance covered during linear movement M4= Mean endurance time of non-linear movement 
M5= residual distance on the longest skeletal line M6= number of times that the length of the longest skeletal 
line was covered 
Organelle 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Ml 
0 95 
0 72 
100 
0 72 
0 99 
100 
0 00 
0 43 
100 
0 73 
Mlb 
0 34 
0 36 
0 
0 
0 
0 
0 
0 
0 
0 33 
M2 
1 
6 
1 
2 
3 
1 
1 
2 
1 
4 
M3 
(μιη) 
0 98 
0 77 
2 18 
174 
2 24 
4 96 
0 
0 44 
124 
0 44 
M4 
(s) 
120 
147 
0 
2 40 
0 40 
0 
7 20 
3 60 
0 
140 
M5 
(μιη) 
081 
1 16 
0 
0 
0 
0 
0 
0 03 
0 
0 19 
Мб 
2 18 
2 07 
100 
1 12 
103 
100 
2 97 
2 32 
100 
2 49 
The presence of small lateral branches could mdicate irregularities m the mode of 
movement and, thus, a relation between the Ml, M2 and Gl was anticipated 
However, no such relation was found An organelle (for example, organelle 3) with 
two small lateral branches (Gl=2) could have complete linear movement (Ml=l 00, 
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M2=l), while another organelle (for example, organelle 10) with two small lateral 
branches (Gl =2) had four stretches of movement (M2=4) and was partly linear 
(M1=0 73) Hence, small lateral branches do not mdicate irregularities in the mode of 
movement 
17 of the 81 organelles had a Ml value of 1 00, 17 organelles had a value of 0 00, 
and intermediate fractions were found for 47 organelles Five organelles had a value 
for M lb that ranged from 0 26 to 0 38 The maximum value observed for M2 was 9 
M3 ranged from 0 35 to 5 79 μτα and M4 from 0 40 to 7 60 seconds Values for M5 
ranged from 0 01 to 1 16 цт and were found for 39 out of 81 organelles M6 was 1 00 
for the 17 organelles with M 1=1 00 and the maximum was 3 07 
Table 3 Parameters derived from the distance between original position and longest skeletal line 
Fl fraction of the movement time that the organelle was consistently filament-attached F2 mean endurance of 
consistently filament-attached movement 
Organelle 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Fl 
100 
0 56 
100 
100 
100 
100 
1 00 
100 
100 
100 
F2(s) 
9 20 
3 00 
6 80 
4 00 
14 80 
8 00 
7 20 
5 60 
3 60 
4 80 
Features of the attachment to the filament 
The movement was not consistently filament-attached for one of the ten example 
organelles (Table 3, organelle 2) This organelle also had two lateral branches counted 
m G2 Values of F2, time spent m consistently filament-attached movement, were 
equal to the observation time when Fl=l 00 No relation was seen between F2 and the 
fraction of non-filament-attached movement (1-F1) 
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74 out of 81 organelles had a consistently filament-attached behavior (Fl=1.0). 
Organelles with non-filament-attached movement (Fl < 1.00) always had lateral 
branch (G2>0) too and feature Fl can thus replace feature G2. The lowest Fl value 
was 0.56 and its complement (1-F1) is a measure for the magnitude of the non-
filament-attached movement. F2 ranged from 2.00 to 23.20 seconds. 
Table 4 Classification of the organelles in Fig 4 and Tables 1 to 3 
The organelles are listed in their final order Pnmary classi Ml=l 00, 2 0 00<M1<1 00, 3 M1=0 00 
Secondary class 1 Mlb=0 00, 2 Mlb>0 00 Tertiary class index is value of M2 G3= length of the longest 
skeletal line The ranking order of G3 was descending. *=value is the total for both parts after separate re-
analysis 
Organelle F 1=1.00 Pnmary Secondary Tertiary G3 
class class class 
6 
3 
8 
4 
7 
5 
9 
2 
1 
10 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
no 
yes 
yes 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
1 
1 
1 
2 
2 
3 
4 
7* 
5 
1 
4 96 
2.18 
1.24 
2.17 
0.44 
4.42 
0.48 
2.91* 
188 
0.37 
Classification 
The classification of the ten example organelles is given in table 4. Except for 
organelle 2, the values of features Ml, Mlb, M2 and G3 from tables 1 and 2 were used 
to determine the classes. Organelle 2 (Fl< 1.00) was dissected in two parts and re-
analyzed, after which the combined values of both parts were used for the 
classification. Organelles 3, 6 and 9 belonged to the same class 1.1.1 and were 
separated by their longest path length. The trajectory drawings of organelles 3 and 4 
seem similar in Fig. 4a3 and 4a4, but belonged to different primary classes: 1 and 2, 
respectively. Organelles 7, 8 and 10 all seemed to be examples of Brownian-like 
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movement but in fact, only organelle 7 had no linear movement and belonged to 
primary class 3 Yet, organelles 8 and 10 were different m their secondary class, 
because organelle 10 also had linear movement in a backward direction These two 
examples show the discriminatory power of the linear movement features Ml and M lb 
m the classification of organelle movement patterns 
For 74 of the 81 organelles, the classification was straight forward (Table 5) 
Five of the seven organelles with non-filament-attached movement (FK1 00) were 
dissected in two or three parts and re-analyzed (see discussion for reasoning) These 
trajectones are marked by an * in table 5 Two trajectones could not be dissected in a 
meaningful way and were not classified 
Table S Classes of the movement patterns of 81 organelles in the apical 18 urn of (he tip of a tobacco pollen 
tube 
N= number of organelles in each class G3= length of the longest path n= value of M2 or tertiary class "= 
result after separate re-analysis of parts of the trajectory (1)= only one organelle in this class 
Class N G3 range Descnption 
(μπι) 
1 1 1 
2 1 2 
2 13 
2 1 4 
2 1 5 
2 1 7 
2 1 9 
2 2 3 
2 2 4 
2 2 5 
2 2 6 
2 2 7 
2 3 4 
17 
17 
11 
2 
3 
2 
1 
1+1* 
2 
1 
2* 
Γ 
г 
4 96-0 54 
7 38-0 35 
11 48-0 40 
1 69-0 84 
9 12-0 87 
2 76-2 56 
3 4,0) 
121-108 
1 30-0 48 
1 88 ( 1 ) 
2 15-1 94 
2 91 ( 1 ) 
8 65 ( 1 ) 
3 11 17 0 59-0 16 
linear movement along one filament 
η stretches of linear and non-lmear movement 
combined on one filament 
η stretches of linear and non-linear movement 
combmed on two filaments 
4 stretches of linear and non-lmear movement 
combined on three filaments 
non-linear movement 
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Discussion 
Region-based curve analysis 
Region-based curve analysis gave good symbolic descriptions of the movement 
patterns The ment of this technique is also that an often complex trajectory is 
simplified to a single line The sampling time of 0 40 seconds caused interpolation of 
the trajectory over large distances for fast moving organelles Consequently, the shape 
of the trajectory and the longest skeletal line were similar A smaller time interval 
between measured positions would yield more information on the original trajectory 
and result in a more detailed symbolic description 
Holes in the binary images of the movement regions were removed before 
skeletization to obtain a single longest path This could result in a description which 
seems too complex (see organelle 2) A solution may be obtained by dissecting the 
trajectory into two or more parts that together enclose the hole and of which the 
longest paths, after separate analyses, form the longest skeletal line of the original 
trajectory 
Reduction of the binary movement regions to a single pixel line sometimes gave a 
small, almost symmetric furcation at the end of the graph structure As a standard, the 
longest edge was included in the longest path which could result m a relatively large 
angular deviation, like for organelle 1 Alternatively, choosing the edge with the 
smallest difference in angle with the neighboring edge is recommended, when the 
difference m length between the edges of the furcation is small 
Detection of curvature m the longest path is an important aspect of the symbolic 
description The angular deviation (G4), considers the shape of the curve by looking at 
its vertices only Hence, it does not take into account the local shape of the curve 
However, organelles with very smooth changes in direction of movement could still 
make considerable curves that were not detected by G4, since this feature depends on 
the presence of vertices with a cardinality of 3 or more (see organelle 9) 
Pattern analysis and data collection 
Under the applied method of data collection, the trajectory start and end points 
were determined by the visibility of the organelle in the focal plane The length of the 
trajectory and the observation time (F2 when Fl=l 00) are thus chance occurrences, 
and differ among the movement patterns It follows that the values of features like G3, 
M2 and M5 are clipped while other features like Gl, M3 and M4 are coupled to the 
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trajectory distance or the observation time Normally, either uniform observation tunes 
or lengths would be required to obtam patterns suitable for comparisons However, 
organelle movement patterns, taken from the median focal plane of the cylindrical 
pollen tube, are random samples from the total organelle movement and thus 
comparable as such The 81 organelles analyzed m this report were representative for 
the organelle movement m the tip of a Nicotiana tabacum pollen tube 
Does the longest skeletal line predict the actm filament? 
The values of some of the features mdicate the probability that the initial 
hypothesis (the longest skeletal line predicts the actin filament along which the 
movement takes place) is correct The most compelling requirement is a constant 
attachment between organelle and actin filament expressed by complete consistently 
filament-attached movement (Fl=l 00) and no lateral branches longer than rorg (G2=0) 
77 of the 81 tested organelles matched these entena Examination of the trajectones of 
the other seven organelles led to the suggestion that their movement could be generated 
by more than one actin filament (see next section for elaboration of this idea) 
The next important requirement for actm-myosin generated movement is the 
presence of movement in one ongoing direction on the filament, expressed by the 
fraction of linear movement (M1>0 00) This requirement was completely fulfilled for 
17 organelles (Ml=l 00), while another 40 organelles had a partly linear pattern 
(0 00<M1<1 00) Among the last 40 organelles, four organelles showed linear 
movement m two directions, which suggests that their longest skeletal line represents a 
bundle of filaments with opposite polanty The probability of actm-myosin generated 
movement was proportional to the length of the linear movement (M3) No linear 
movement (M1=0 00) was detected in the movement patterns of 17 organelles Thus, it 
is not likely that their longest skeletal Ime predicts the actin filament on which the 
movement was based, if the movement was actin-myosin generated at all 
The shape of the longest skeletal Ime is also a factor to consider Fluorescent 
labeling of actin filaments showed only smooth changes in filament onentation 
(Lancelle and Hepler, 1988, Perdue and Parthasarathy, 1985, Pierson et al 1986, Tang 
et al 1989b) The angular deviations (G4) m the longest skeletal Ime should conform 
to these observations Although recent publications indicated a certain flexibility of 
actin filaments m living plant cells (Liu et al 1990, Schindler, 1995), no quantitative 
measurements have been done Assuming that curves in an actin filament can reach up 
to 90 degrees, values for G4 with more than 90 degrees decreased the probability of 
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filament prediction. Eight out of 57 organelles with linear movement showed such a 
large curve in their longest path. A reason for such large angular deviation might be, 
the organelle jumping onto another nearby filament. 
In conclusion, the longest skeletal line has a high probability of predicting the 
actin filament on which the movement is based if Fl=1.00, Ml=1.00 and G4£90 
degrees. The lowest probability is given by FK1.00, M1=0.00 and G4>90 degrees. 
Classification strategy 
The classification strategy presented in this paper is based on quantitative values 
extracted from a symbolic morphological description of the movement pattern so that 
interpretation differences among observers are avoided. In principal, each derived 
feature, or combination of features can be used to classify the movement patterns. The 
wide range of features makes it possible to classify and rank even nearly similar 
movement patterns; the choice depends on the aim. Here, the chosen features (see Fig. 
3) indicate the probability that the longest skeletal line is an actin filament. Before 
classification, the F1 value was examined and trajectories with partly non-filament 
attached movement (Fl<1.00) were isolated. An Fl value of one was obtained for five 
of the isolated trajectories after they were dissected into two parts on the most extreme 
jc-coordinate, and the two parts were re-analyzed separately. This dissection is based 
on the knowledge that most actin filaments are aligned more or less parallel to the x-
axis (the long axis of the pollen tube). Examination of the isolated trajectories 
suggested that the movements in these trajectories could have jumped to a crossing or 
nearby filament with opposite polarity. Dissection at the most extreme x-coordinate 
provided an objective criterium to increase the number of classifiable organelles. 
Primary classes were formed according to M1 which, in simplified terms, 
indicates that the movement is vectorial, random, or a combination of both. Secondary 
classes were made on the number of actin filaments used for movement generation, as 
appeared from a Mlb>0.00 value or from two (three) longest skeletal lines after 
dissection. Tertiary classes based on the number of linear and non-linear stretches 
(M2) respond to the logic that a pattern with only one alternation in movement is 
closer to an exclusively actin-myosin generated movement than a pattern with several 
alternations. Alterations from linear to non-linear movement could reflect obstructions 
of the path along the actin filament by other organelles or cytoskeletal elements. A 
further subdivision in the classification, for instance, using G4>90 degrees or 
M5>0.00, could be used to highlight other aspects of the mechanism of movement. 
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The presence of direction changes in the path could point to the presence of aligned or 
crossing actin filaments. For continuous ranking in the tertiary classes, we used the 
length of the longest skeletal line (G3), following the rational that a longer length 
indicates a higher probability that the skeletal line predicts an actin filament. Plotting 
the longest skeletal lines at their position in the cell will give an impression of the 
organization of the actin filaments. 
Primary class 2 matches movement patterns described by Rebhun (1959, 1972) as 
'saltatory'. Our classification further matches the preliminary classification given by 
Weiss et al. (1986) in the following way: primary class 1 matches continuous 
movement type I and II, secondary class 2.1 matches interrupted movement type I, 
secondary class 2.2 matches interrupted movement type II, and primary class 3 
matches restricted Brownian motion. 
Koles et al. (1982) and Weiss and co-workers (1990, 1986) proposed a method to 
quantitatively analyze the velocity in their attempts to classify organelle movements 
based on movement generation type. Their analysis procedure starts off with 
reconstruction of the underlying microtubule by linear regression. If region-based 
curve analysis is used to find the underlying filament, their procedure can be used to 
analyze non-straight movement patterns as well. 
Our classification strategy implies a certain order among and within the classes. 
It is possible to give a rank score to the organelles as a symbolic indication of the 
probability that the movement is actin-myosin generated. Of course, this indication of 
the probability is only relevant within the population of analyzed patterns, but 
comparison of the rank scores could be used to quantitatively separate sub-populations, 
e.g. in different areas of a pollen tube. Classification of movement patterns can 
elucidate changes in the cytoplasmic organization when studying cells at various 
developmental stages (de Win et al. 1996), under different physiological conditions 
(Shimmen and Yoshida, 1993) or after treatment with cytoskeletal inhibitors (Salitz 
and Schmitz, 1989). The method could be integrated in cell viability tests. The 
presented approach can be applied to other types of moving particles from biological 
or other sources, such as cell displacements, walking insects or drifting molecules on 
metal surfaces. 
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Abstract 
The organisation of Ρ sylvestris pollen tubes during growth was studied by video 
microscopy of Irving cells and by electron microscopy after freeze-fixation and freeze-
subsntubon (FF-FS) Pollen germinated and the tubes grew slowly for a total period of 
about 7 days Some of the grams formed two tubes while 10 to 50% of the tubes ramified 
These features are m accordance with development m vivo 
The cytoplasmic hyaline cap at the up disappeared during the second or third day of 
culture Aggregates of starch grams progressively migrated from the gram mto the tube and 
later mto the branches Vacuoles first appeared at day 2 and eventually filled large parts of 
the tube The tube nucleus was located at variable distances from the tip Part of the 
organelles showed linear movements in a mostly circulatory pattern, but the majority of the 
organelles moved Brownian-like Rhodamine-Phalloidin stained actm filaments had a gross 
axial orientation and were found throughout the tube including the üp 
The ultrastructure of pollen tubes was well preserved after FF-FS, but signs of 
shrinkage were visible The secretory vesicles m growing ups were not organized m a 
vesicle cone, and coated pits had a low density with only local accumulations, which is in 
accordance with slow growth The mitochondria contained small cnstae and a darkly 
stained matrix and were located more towards the periphery of the tube, indicating low 
respiratory acnvity and low oxygen levels The dictyosomes earned typical trans-Golgi 
networks, but some contained less than the normal number of cistemae Other elements of 
the cytoplasm were irregularly spaced rough endoplasmic reticulum, many 
multivesicular bodies, lipid droplets and two types of vacuoles 
The typical organisation associated with tip growth m angiosperm pollen tubes, e g 
Nicotiana tabacum, was not present m Ρ sylvestris pollen tubes The different morphology 
may relate to the growth rate and not to the type of growth 
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Introduction 
Pollen tubes of gymnosperms exhibit some evolutionary primitive characteristics, i.e. 
slow germination and growth, branching and longevity (Singh 1978). In Pinus sylvestris L., 
the pollen tubes penetrate the nucellus intercellularly and anchor themselves in the nucellar 
tissue by ramification (Willemse and Linskens 1969; Willemse 1968). Growth stops after 
some weeks. The antheridial cell hibernates in the pollen grain, moves into the tube after 
resumption of growth the next spring and divides just before fertilization (Chamberlain 
1966). Early works by Tanaka (1955, 1956) report on the effects of physiological 
conditions on the pollen tube morphology of P. dens ¡flora The ultrastructure of 
developing microspores and germinating pollen of P. sylvestris has been studied by 
Willemse (1971a,b,c,d). Recently, Terasaka and Niitsu (1994) observed microtubules 
(MT) and actin filaments (AF) along the axis of the tube in P. densiflora and P. thunbergii 
and found MT in the very tip of the tube, but AF have been reported to be absent from this 
zone. 
The characteristics of tip growth in angiosperm pollen have been studied extensively 
(reviews: Heath 1990; Derksen et al. 1995b). For long, tip growth in angiosperm pollen 
tubes has been believed to be indissolubly connected to a particular type of cytoplasmic 
organization, i.e. specific accumulation of secretory vesicles (SV) in the tip, apical 
zonation of endoplasmic reticulum, dictyosomes and coated pits and no vacuoles between 
tip and nuclei (Joos et al. 1994; Derksen et al. 1995a). Further, the integrity of the 
cytoskeleton, with an axial orientation of MT and AF, seems to be needed for growth 
(Pierson and Cresti 1992; Derksen et al. 1995b). Recently, the prerequisite of an intact tip 
zonation and microtubular network for tip expansion has been questioned (Joos et al. 
1994). 
Slow growth, branching and longevity of gymnosperm pollen tubes may be reflected 
in another type of cytoplasmic organization than that known from angiosperm pollen tubes. 
The present study examines the cytoplasmic organization of (living) pollen tubes of P. 
sylvestris grown in vitro and their ultrastructure after FF-FS. It also provides morphometric 
data on cells and organelles. 
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Figure 1. Light microscopy of the development and morphology oiPinus sylvestris pollen grains and pollen 
tubes grown in vitro, a One-day-old culture. Starch grains (s) are located in the grain. The tip of the 
unbranched tube shows a hyaline cap (arrow) without discernable vacuoles, b Two-day-old culture. Pollen grain 
with two tubes. c,d Two-day-old culture. Grain and bifurcated tube imaged in (c) bright field and (d) 
fluorescence microscopy after DAPI staining, showing numerous starch grains (s) behind the tips, small 
vacuoles (v), the antheridial cell (ac) in the grain and the tube nucleus (tn) among an aggregate of starch 
grains. The hyaline cap has disappeared. e,f Four-day-old culture Tube branched by trifurcation (arrow) and 
subsequent bifurcation imaged in (e) bright field and (f) fluorescence microscopy after DAPI staining The 
micrograph shows vacuoles (v) in the apex, numerous starch grains (s) in all branches, the tube nucleus (tn) in 
one of the first branches and the antheridial cell (ac) in the grain, g Seven-day-old culture. Extensively ramified 
tube with highly vacuolised (v) cytoplasm. The starch grains are not organised in aggregates anymore. Bar a-f 
25 urn g 50 μπι 
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Materials and methods 
Plant material 
Cones with ripe pollen were collected from trees of P. sylvestris L. in the park of the 
University of Nijmegen prior to the beginning of the pollination season (Driessen et al. 
1988), and stored in a desiccator at room temperature. 
Pollen were germinated in a suspension culture (30 mg pollen per 2 ml medium 
containing 10 % sucrose and 0.01% boric acid) in a shaker at 100 rpm (Kroh and Knuiman 
1982). Alternatively, they were sown on 3 mm punches of Visking dialysis tubing placed 
on a 2 % agar surface supplied with medium. Germination took place in the dark at 28 °C. 
Differences were not seen in germination and growth of pollen in suspension culture and 
on solid surfaces or in pollen grown on water or other media (Linskens 1967) (data not 
shown). 
Real time observations 
Observations of living pollen tubes were made with bright-field, phase-contrast or 
differential interference contrast (D1C) illumination on Leitz microscopes equipped with a 
monochromatic green light filter. Samples were additionally protected from heat by a 
0.1% Q1SO4 solution placed between the light source and condenser. 
Real-time images were recorded on S-VHS tape with a CCD video camera (SSC-
M370 CE, Sony Europe, the Netherlands) in combination with a Panasonic AG-7355 
video recorder (Matsushita Electric Industrial, Japan). Detailed analyses of the trajectories 
of 90 organelles in three different cells were made using a computer based image analysis 
system (VIDAS version 2.1, Kontron, Germany). Recordings of the organelles were 
displayed through the frame grabber of the VIDAS and 36 single frame images (320 χ 256 
pixels) were collected at intervals of 0.24 seconds during 8.4 seconds. The trajectory of 
each discernable organelle was stored as a series of x- and y-coordinates of the centre of 
the particle, indicated interactively with the cursor. The trajectories were printed using 
SAS-GRAPH procedures, version 6.07 (SAS Institute, USA). 
Fluorescence staining and microscopy 
AF were stained 0.3 μπι Rhodamine-Phalloidin (Sigma and Molecular Probes) 
according to Traas et al. (1987) but with 1% instead of 5% dimethyl sulphoxide (DMSO). 
Shrinkage of the pollen tubes was prevented by adding 8 % sucrose. Nuclei were stained 
with 5 μg/ml 4,6-diamino-2-phenylindole (DAPI). Mitochondria were stained with 2.5 
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jog/ml of the vital dye 3,3'-dihexylcarbocyanin iodide (DiOC6(3), Eastman, USA) Images 
were made either with a Leitz fluorescence microscope or with a BioRad MRC-600 
Confocal Laser Scanning Microscope (CLSM) equipped with an argon laser. 
Electron microscopy 
Pollen tubes were fixed in 2 % glutaraldehyde in 50 μΜ phosphate buffer, pH 6.8, 
for 2 hrs at room temperature, post-fixed with 1-2 % OsC>4 in distilled water and 
dehydrated in a water-ethanol senes. Freeze fixation (FF) and freeze-substitiraon (FS) were 
carried out as described by Derksen et al. (1995a). 
Specimens from chemically fixed or FF-FS preparations were flat embedded in 
Spurr's resin on Cylon CT coated slides. Single and serial, longitudinal or oblique sections 
(100 nm) were made on a Sorvall MT 5000 microtome and collected on formvar- and 
carbon-coated single slot grids. The preparations were post stained with lead citrate for 1-3 
mm and examined in a Jeol 100 CX Π electron microscope. Tubes without signs of ice 
crystal formation were analyzed. Morphometric measurements were carried out on at least 
20 different organelles from 10 different pollen tubes. 
Table 1 Morphometric characteristics of pollen tubes of Pmus sylvestris grown in vitro 
Traits 
Length of unbranched tube 
Length of ramified tube 
Distance from grain to first 
branch 
Length of final branch 
Diameter of tube/branch 
Type of 
measurement 
(μιτι) 
average (n) 
maximum 
average (n) 
maximum 
average (n) 
average (n) 
maximum 
range 
Number 
1 day 
17 (23) 
32 
β 
a 
в 
a 
в 
14-21 
of days in culture 
2 days 
48 (33) 
116 
82(4) 
102 
50(4) 
19(4) 
29 
13-23 
3 days 
66 (19) 
127 
111(19) 
196 
47 (20) 
30 (23) 
71 
11-25 
4 days 
152(11) 
214 
64(11) 
42 (55) 
89 
9-27 
5-7 davs 
179 (18) 
268 
56 (17) 
42 (90) 
177 
9-75b 
* not relevant trait 
ь
 extreme maximal value due to extensive swelling of the tips 
Results 
Germination, growth and ramification 
The germination percentage of collected P. sylvestris pollen was 90-95 % but 
dramatically dropped to zero after 8 weeks of storage. Pollen germination started 
approximately 16 hours after the onset of culture. A cylindrical tube was formed (table 1, 
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Fig. la) which grew at a rate of about 1 цгп/h. Depending on the lot, about 10 to 25 % of 
the pollen grains developed a second tube, which grew independently from the first tube 
(Fig. lb). 
During the second or third day the shape of the pollen tubes became irregular, and 
some tubes started branching (table 1, Fig lc,e,g). This process continued until about day 
six. The proportion of branching tubes and the extent of branching varied between lots and 
ranged, at day four, from more than 50 % to less than 10 % of the tubes. Cells generally 
developed 4 to 6 branches (Fig. lg), but tubes with up to 16 branches were observed. Most 
branches were formed by bifurcation (Fig. lc,g, Fig. 2a) or, in a few cases, by trifurcation 
of the tip (Fig. le,g). The branches were initially isomorphic, but gradually became 
unequal in length (table 1) and organelle content. Small (<20 цт) lateral branches could 
also form at various distances behind the tube tip (Fig. 2b). At day six and seven a number 
of tubes showed swollen apices (table 1). Growth was never seen in seven- to ten-day-old 
cells, although they still showed an intact structure and slow organelle movement. Growth 
could not be sustained or resumed by changes in the medium. 
Figure 2. Video microscopy of pollen tube tips in 
a four-day-old culture, a Detailed image of a tip 
in the process of bifurcation, b A small lateral 
branch containing numerous organelles, but no 
starch grains or vacuoles. Bar 25 ц т 
General cellular organisation of pollen tubes 
The cytoplasm of young unbranched tubes showed a hyaline cap of variable size at 
the tip (Fig. la, see also Fig. 5a) and contained numerous starch grains and other, 
unidentifiable, organelles. The hyaline cap gradually disappeared and was no longer 
observed in 4 day-old tubes (Fig. lc,e), although some of the tubes were still growing. 
During growth, aggregates of starch grains progressively migrated from the grain into 
the tube and later into the branches (Fig. lc,e). The distance between the tip(s) of the tube 
and these aggregates was variable. Tubes or branches with starch grains in the extreme tip 
had ceased growing. After six days of culture, the pollen grain and the basal part of the 
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main tube were devoid of starch grains in a third of the cell population. The starch grains 
disaggregated in some tubes (Fig. lg). 
Small vacuoles with a diameter of 2.7 to 7.0 μιη appeared in the cytoplasm of 
two-day-old tubes (Fig. lc). No correlation was seen between the presence of vacuoles and 
the occurrence of a hyaline cap. The vacuoles became larger as growth proceeded (Fig. le) 
and were also present in tubes during the process of branching. Except for the small 
branches (Fig. 2b) and the area containing the starch grains, six- and seven-day-old tubes 
were highly vacuolised. 
The tube nucleus (TN) could be stained with DAPI and sometimes appeared as a 
clear area (average diameter: 9 μπι) in the middle of an aggregate of starch grains (Fig. Ιο­
ί). The TN was located at a variable position in the main tube or in one of the branches 
(Fig. ld,f). The antheridial cell (AC) remained located in the grain (Fig. ld,f, 5b). 
Figure 3. Types of organelle movements in a branched pollen tube after three days of culture, a A video 
microscopic image showing the organelles in the apex of one branch and b illustration of the corresponding 
trajectory of selected organelles The starting point of each trajectory is marked by a dot with the numbers in 
brackets indicating the duration of single tracings in seconds. Types of movement shown: L - linear movement, 
Bl - Brownian-like movement confined to one spot, B2 - Brownian-like movement with a slow progression, 
SI - saltatory movement with linear movement followed by Brownian-like movement, S2 - saltatory movement 
with Brownian-like movement followed by linear movement. Bar 10 um 
Organelle movement 
Brownian-like movements of all organelles, except starch grains, were common in all 
pollen tubes. A subset of the organelles transiently showed linear movements (Fig. 3a,b) 
but this was not observed in all cells. From accelerated play modes of video recordings, 
three patterns of organelle movement could be distinguished: in one- and two-day-old 
tubes 1) most frequently a fountain-like pattern, 2) occasionally a reverse fountain-like 
pattern and 3) a circulatory pattern in older and branched tubes. Organelles located in the 
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vicinity of the starch grains rarely showed linear movement. In highly vacuolated cells the 
organelle movement was mostly Brownian-like, although extensive linear movements were 
also seen in some transvacuolar strands and cortical areas. 
Changes in shape of small- and middle-sized vacuoles were rather frequent, and 
transvacuolar strands could completely relocate within two minutes. Conversely, motion of 
the TN and the AC could not be detected within 10 minutes. 
Cytoskeleton 
AF stained with Rhodamine-Phalloidin appeared as longitudinal arrays in both the 
peripheral and central part of the tube (Fig. 4a,c). With the permeabilization method used 
presently, AF were also evident in the very tip of the tube or the branches (Fig. 4a,c). Both 
bundles of microfilaments (MF) and MT with a more or less axial orientation, were visible 
by electron microscopy (Fig. 5g). Few MT and MF were found in glancing and oblique 
sections in the cortex. MF could co-localize with MT (Fig. 5g). Associations, but no 
physical connections, were seen between cytoskeletal elements and organelles (not 
shown). 
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Figure 5. Ultrastructure of P. sylvestris after FF-FS (a-h) and chemical fixation (i). a Overview of an 
unbranched pollen tube, showing the air bags, the tube nucleus (tn), starch grains (s). and small, electron 
translucent, vacuoles (v). Mitochondria formed rows along the plasma membrane (arrows). Shrinkage during 
preparation is visible from the cracks (*) in the tip. b The antheridial cell (ac) and remnants of the two 
prothallial cells (arrows) located in the grain of the tube in а. с Detail of a. Mitochondria (m) have irregularly 
shaped cristae and darkly stained matrices. The dictyosome (d) shows a complete cis-trans differentiation, 
where as dictyosome (i) consists only of a trans-Golgi network-like cisterna. The inset shows a typical trans­
Golgi network. The white limng is artificially induced by the irradiation in the electron microscope d 
Dictyosome with intercisternal filaments, e Secretory vesicles (arrowheads) are budding from the dictyosome 
(d). Some vesicles are covered with a dark coating (arrow), f Coated pits (arrowheads) on the plasma 
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Ultrastructure and organelle distribution 
FF-FS resulted in good preservation of the ultrastructure, especially cytoskeletal 
elements, coated pits (CP), coated vesicles (CV) and intercistemal filaments of the 
dictyosomes, which were not observed after chemical fixation. The plasma membranes 
were straight and smooth after FF-FS (Fig. 5f), while they were shrivelled and showed 
numerous invaginations and vesicles after glutaraldehyde fixation (Fig. 5i). Both cell wall 
and SV had low electron density after chemical fixation, indicating extraction. Shrinkage 
of P. sylvestris pollen tubes occurred during FF-FS, as was observed by gaps and cracks in 
the cytoplasm (Fig. 5a). 
The growing tips of non-ramified (example Fig. 5a) and ramified pollen tubes were 
mostly similar, although no quantitative evaluation could be established due to large 
variations in size and morphology. Organelles in the AC (Fig. 5b) were ultrastracrurally 
equivalent to those in the tube, except for the absence of vesicles budding from the 
dictyosomes. 
The cell wall thickness ranged from 0.4 цт in the tip to about 0.65 ц т near the 
grain. In chemically fixed tubes, a clear layering of the wall was found (Fig. 5i), and in 
oblique FF-FS sections layers with differently oriented fibres were also seen (not shown). 
Large electron translucent spaces were present between the organelles. The 
mitochondria were oval shaped with a diameter of 0.45 цт and a maximal length of 1.2 
цт (Fig. 5c,f). The cristae were relatively small and irregularly shaped, and the large 
matrix stained darkly. Outside the tip, mitochondria density increased towards the 
periphery, giving rise to rows of mitochondria along the tube wall (Fig. 5a,c). Fluorescent 
staining of the mitochondria with DiOCô(3) confirmed the high number of mitochondria 
near the cell wall, especially in cells with little linear movement. 
Most dictyosomes had stacks of six to eight cisternae with a diameter of 0.6 to 1.3 
цт (Fig. 5c). Cis- and trans-cistemae and a typical trans-Golgi network (TGN) (Fig. 5c) 
could be distinguished. A number of dictyosomes (5-10 %) were incomplete, some 
consisted of only a single cisterna still containing budding vesicles (Fig. 5c). Intercistemal 
filaments were observed in the central part of the cisternae (Fig. 5d). Part of the vesicles 
membrane in the pit between two branches Some coated vesicles (arrows) are located near a dictyosome (d). 
M=mitochondnon g Part of the cytoplasm showing multivesicular bodies (b), rough endoplasmic reticulum 
(cr) and a microtubule (mt), partly aligned with a microfilament (arrow), h Small, electron translucent vacuoles 
(v) appear together with larger, more electron dense vacuoles (lv) l=hpid body, s=starch grain i The cell wall 
(w) and secretory vesicles (sv) are little electron dense due to chemical fixation The wall seems to consist of 
many layers m=mitochondnon, l=lipid body Bar a 10 urn b 5 urn c-i 0.5 urn 
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budding from the dictyosome were covered with a dark coating (Fig 5c) Dictyosomes 
showed no preferential orientation or distribution Only one type of Golgi-vesicle 
(average diameter 0 1 цт) occurred, which had a secretory activity (Fig 5e,i) 
Growing tips contained a considerable number of SV but not a conspicuous vesicle 
cone or vesicle-filled region 
The plasma membrane contained typical 80-140 nm wide CP (Fig 5f) with a density 
of 0 25 CP/μπι membrane m an average section A distinct distribution or accumulation 
was not seen, although CP seemed to be more abundant in the subapex of some young 
tubes CV were occasionally observed in the vicinity of the dictyosomes (Fig 5f) In 
addition, circular multivesicular bodies (MVB) (diameter about 0 32 цт) containing an 
average of 8 vesicles were abundantly present throughout the cytoplasm (Fig 5g) 
The intermembrane distance of the rough endoplasmic reticulum (RER) varied 
between 0 01 цт and 0 08 цт (fig 5g) A preferential orientation or distribution of the 
RER could not be established The starch grains (4-7 цт m diameter) were distorted 
during sectioning, because of the presence of amylose/amylopectm (Fig 5h) They were 
usually found m clusters with other organelles dispersed among them Sections of pollen 
tubes contained large numbers of nearly circular (diameter about 0 9 цт) electron dense 
granules, presumably lipid bodies (Fig 5h) These granules were distributed throughout the 
cytoplasm except m the tips of young tubes In some young tubes, a layer of lipid bodies 
was seen m the cortical region of the cytoplasm that was filled with starch grams 
Numerous electron-translucent vacuoles with a circular to elongated form (long axis 0 5 to 
4 7 цт) occurred throughout the cytoplasm (Fig 5h) Also, some larger and more electron 
dense vacuoles were present (Fig 5h) 
Discussion 
Germination, growth and ramification 
The slow germination and growth rate of Ρ sylvestris pollen tubes and their tendency 
to ramify is consistent with other m vitro studies on various species of рте pollen (Tanaka 
1955, Willemse 1971a, Gong et al 1993) In vitro pollen germination required about one 
day of culture, which is not surprising considering that in vivo germination may take 
several days (Willemse 1968, Singh 1978) The cessation of growth after 6 days of culture 
has not been reported earlier and may correspond to the long natural resting stage that the 
microgametophyte undergoes m vivo before the actual fertilization takes place (Willemse 
1968, Willemse and Linskens 1969, Singh 1978) 
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We could not confinn the relationship between the position of the nucleus and 
growth or ramification found by Tanaka (1956) Ramification is a general but not exclusive 
feature of gymnosperm pollen tubes and is probably related to their role or origin as a 
haustonum (John 1992) and their long reproductive cycle (Singh 1978) Angiosperm 
pollen tubes may ramify as well at some stage of their development (Derksen et al 1995b) 
The process of bi- or tnfurcation m Ρ sylvestris is an example of renewed relaxation of the 
tube wall and focused vesicle fusion 
Organelle movement and cytoskeleton 
Most organelle movement m Ρ sylvestris is Brownian-like A small percentage of the 
organelles have a saltatory movement showing a circulatory or fountain-hke streaming 
pattern These features also occur sometimes m angiosperm pollen tubes, m particular after 
culture for more than one day or when growth has been inhibited (Derksen et al 1995b) 
However, this type of streaming pattern clearly differs from the classical one known of 
young angiosperm pollen tubes growing m vitro, m which all organelles participate m a 
vigorous reverse-fountain streaming pattern (Iwanami 1959, Pierson and Cresa 1992, 
Derksen et al 1995b) This difference does not seem to be due to a structural difference m 
the AF or myosm present like m angiosperms (AF Pierson and Cresh 1992, Derksen et al 
1995b, myosins Miller et al 1995, Yokota et al 1995), pollen tubes of Ρ sylvestris show 
an abundant axial network of AF (this study, Terasaka and Nutsu 1994) and myosins at the 
surface of organelles (Terasaka and Nutsu 1994) 
The low mcidence of MT in glancing sections of well preserved FF-FS matenal 
observed m Ρ sylvestris is very unusual compared to other interphase cells (Lloyd 1989, 
Derksen et al 1990) Slow growth and absence of tip zonaüon after the early stages of 
development m growing Ρ sylvestris pollen tubes may be correlated to a poor MT 
cytoskeleton, comparable to colchicine treated N sylvestris pollen tubes, as reported by 
Joosetal (1994) 
Ultrastructure Ρ sylvestris versus angiosperm pollen tubes 
The preferential occurence of mitochondna close to the cell wall may be due to the 
more aerobic conditions in the cortical cytoplasm, smce diffusion of oxygen in the cell is 
limited and organelle movement is slow The dark condensed matrix with irregularly 
folded cnstae of the mitochondna, also observed by Willemse (1971a), can be compared to 
the low energy state condensed conformation of rat liver mitochondna (Hackenbrock 
1968) and may indicate low respiratory activity The activity of the mitochondna is 
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probably not limited by the availability of substrate as the tubes are filled with starch grains 
and lipid bodies We did not observe a conversion of lipid bodies or starch grams into P-
parncles as seen in lily pollen tubes (Miki-Hirosige and Nakamura 1982) The pollen tubes 
in our sucrose-nch medium contained very large aggregates of starch grains suggesting de 
novo formation However, no indications for synthesis, nor digestion, of starch grains have 
been observed, although these features have been reported for growth in vivo (Willemse 
and Lmskens 1969) or as a result of the sugar contents of the culture medium (Tanaka 
1955) 
The dictyosomes generally showed all elements known to occur m angiosperm pollen 
tubes (Derksen et al 1995a and refs therein) The short stacks or single TGN-hke cisternae 
presently observed may result from a slow turn over of the dictyosomes, or may relate to 
functional differences The dictyosomes did not show any specific zonauon or 
accumulation m the tube, unlike m angiosperms (Derksen et al 1995a, 1995b) 
Formation of the primary wall solely by Golgi-vesicles is supported by the fact that 
these SV had the same electron density as the cell wall (see also Willemse 1971a) and the 
same sensitivity for extraction during chemical fixation The same phenomenon has also 
been reported for tobacco pollen tubes (Derksen et al 1995a) Relatively few CP were 
found at the plasma membrane and, m contrast to tobacco (Derksen et al 1995a), no 
distinct accumulation of CP was observed, except for incidental records m the region close 
to the growing tip Low mcidence of CP is m accordance with the expectancies for a 
slowly growing cell, where there is proportionally less urgency for retrieval of membrane 
material secreted m excess (Picton 1981) or maintenance of a differentiated composition of 
the plasma membrane between the growing np and the rest of the tube (Derksen et al 
1995a, 1995b) 
Lack of orientation in the RER is probably related to the absence of a vigorous 
cytoplasmic streaming MVB occurred m much higher densities than m angiosperm pollen 
tubes It has been proposed that MVB could be involved m signal transduction in the style 
(van Cutsem and Messiaen 1994), but this is unlikely for m vitro growing Ρ sylvestris 
pollen Two types of vacuoles occurred, but the significance of mis difference remains 
unclear Extensive vacuohsation and relatively little cytoplasm m the growing üp and 
around the nucleus has been reported for both m vivo and m vitro grown tubes (Tanaka 
1955, 1956, Willemse and Lmskens 1969, Willemse 1971a) The occurrence of vacuoles 
m the ùp with concomitant growth was also observed m old angiosperm pollen tubes 
(Iwanami 1959) and in colchicrne-treated N sylvestris pollen tubes (Joos et al 1994) 
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Conclusions 
Pollen tubes of Ρ sylvestris differ from those of most angiosperms as they show 
natural ramification and a slow mostly Browman-hke movement of the organelles 
Furthermore, they almost completely lack a up to base zonation of large organelles These 
results demonstrate that a distinct organelle zonaùon m the apical region and a reverse-
fountain-hke streaming partem are not a requirement for tip growth Instead, the 
organisation of Ρ sylvestris pollen tubes may relate to its slow growth and low metabolic 
activity, while the organisation m angiosperm pollen tubes may relate to fast growth, 
meeting ecophysiological conditions 
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Summary 
The present thesis concerns the movement of organelles in pollen tubes of 
tobacco (Nicotiana tabacum) and pine (Pinus sylvestris) grown in vitro. Organelle 
movement has probably arisen to support the distribution of cytoplasmatic and nuclear 
products in large cells where mere diffusion is ineffective. This support is expected to 
be essential for the maintenance of the high metabolic and growth activity in pollen 
tubes, and in a larger frame, for the achievement of fast sexual reproduction in higher 
plants. 
Chapter 1 
The introduction documents on the polar morphology and cytoplasmic streaming 
in pollen tubes. It also identifies and describes questions concerning organelle 
movement in these cells. One intriguing problem encountered at the beginning of this 
study was the apparent paradox between individuality of movements of single 
organelles and the general reverse fountain-like streaming of the cytoplasm. Another 
important aspect was the relationship between organelle movement on one side, and 
typical characteristics of pollen tubeson the other side, in particular their cylindrical 
morphology, mode of growth (tip-growth), polar cytoplasmic organisation and, 
especially, their acto-myosin cytoskeleton. 
Chapter 2 
To approach the problems described in Chapter 1, a large number of data on the 
movement of organelles needed to be collected. For this purpose, a procedure 
combining and modifying existing systems was developed (see extensive description in 
Chapter 2). The method is based on a combination of high resolution video enhanced 
contrast, differential interference contrast microscopy (performed in the Laboratory of 
Dr W. Uri and Dr I. Lichtscheidl at the University of Vienna) and measurements on 
digitized sequential images employing a Video Image and Data Analysis System 
(VIDAS, made available by Dr. E. Roubos, Department of Experimental Zoology, 
KUN). Briefly, video records of tobacco pollen tubes were converted to time-lapsed 
digital sequences, and positions of organelles traced using operator-controlled 
identification of the organelles. This step could not be fully automated due to the 
variability in contrast, size and behaviour of single organelles. As the long axis of the 
pollen tube was taken as the *-axis, with the tubes tip as the origin of the x,y 
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coordinates, all movements could be related to real locations m the cell and compared 
to patterns at different sites or in other pollen tubes The stored positions were 
processed, compared and mathematically evaluated with modules of The SAS System 
Chapter 2 also provides a critical discussion on noise and error of measurements, and a 
statistical evaluation of the sample size It shows that extensive data sets can be 
collected with a high reproducibility and sufficient precision for further scientific 
analysis 
Chapter 3 
Data acquired with the above-mentioned method were used to reconstruct about 
900 organelle trajectones (examples are shown m this chapter) None of these 
trajectories were identical Chapter 3 presents four methods for mathematical analysis 
of organelle movements Mean square displacement (MSD), Regularity quotient, 
Progressiveness ratio and Arithmetical dissection The MSD method (Qian et al 1991) 
allows one to quantify the behaviour of a population of organelles, m terms of the 
dispersion over time Because of the stringent entena for stable calculation of the 
MSD, no reliable conclusion could be obtained The Regularity quotient (Qr, Jarosch, 
1956) is a modification of the MSD method This Qr expresses both the straightness of 
the movement and the uniformity of the movement velocities in a population The 
increase in Qr with distance from the tip showed a transition from random-like 
movement in the tip of the pollen tube to more directed movement in the main part of 
the tube The Progressiveness ratio (P, Overstreet et al 1979) is the ratio between the 
net displacement and the actually covered distance It gives information on the 
straightness of individual trajectones, in contrast to MSD and Qr which apply to 
populations The Progressiveness ratio showed the gradual change from agitated 
movement in the tip to coordinated flow in the tube too 
More detailed information was obtained by the new method of Arithmetical 
dissection, especially designed for this study on pollen tubes Ten types of movement 
were distinguished depending on the changes in χ and y coordinates in the sequential 
positions of an organelle (see Fig 1 in chapter 3) These types identify trajectones or 
parts thereof with different directionality of the movement with respect to the cell 
axes Quantification of populations of trajectones in 6 μπι wide regions by the 
Distance fractions, lime fractions and velocities of particular movement types showed 
a relation between movement pattern and the pollen tube topography, organelle 
movements displayed a longitudinal as well as a radial differentiation Movements 
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were mostly non-directed in the tip area and became gradually more directed and more 
rapid with increasing distance from the tip From about 19 μπι onward the movements 
have obtained general, although variable, patterns Certain types of movement 
appeared to preferentially occur in certain radial domains, constituting lanes with up-
directed movement along the flanks, gram-directed movement m the centre and lanes 
with bidirectional movement in between Mean velocities showed significantly 
different averages between the distinct lanes and were lowest m the bidirectional lanes 
The results presented in this chapter unify the old model of a general reverse 
fountain-like cytoplasmic streaming pattern (Iwanami, 1956), with recent observations 
about the individuality of movement of single organelles Both concepts do not 
interfere with myosin-dnven movement of single organelles along actm filaments The 
observed partem of cytoplasmic streaming is the sum of the individual movements of 
all organelles There is no indication for bulk flow of the cytosol with its components, 
as described for example m Chara and Nitella (Kuroda, 1990) On the other hand, it 
becomes very plausible that conditions specific to the apical, penpheral and central 
areas influence the main characteristics of the movement patterns It is very likely that 
the actm filaments have an opposite polarity between periphery and centre of the 
pollen tube The velocity of movement is probably inhibited by stenc hindrance in 
bidirectional lanes and enhanced by slip-stream effects in the unidirectional lanes The 
present state of the art does not allow definite conclusions about domain-specific 
conditions affecting movement, but the presence of a tip-focused calcium gradient 
(Pierson et al 1994, Miller et al 1996) and perhaps modulations m viscosity may play 
a role m this respect 
Chapter 4 
Chapter 4 describes a different approach, called region-based curve analysis, to 
analyze and classify organelle trajectones The method was designed usmg the 
SOL Image image processmg environment m collaboration with the University of 
Amsterdam (Womng and de Win, 1996) This method utilizes the shapes of the 
trajectones and the organelles to deduce the location of guiding elements (hypothetical 
actm filaments) along which (myosm-coated) organelles move Firstly, the surface of 
the organelle is projected over the sequence of x, y centre positions to obtain an 
overview of the region in which the organelle moved This region is then reduced to a 
smgle or branching one-pixel wide skeleton The longest Ime m the skeleton is taken as 
the basic Ime of the movement, and assumed to hypothetically match an actin filament 
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Region-based curve analysis results in a symbolic graphical description of the 
trajectory and a series of positions on the longest skeletal line with relations to the 
original positions. Chapter 4 describes 12 quantitative features derived from the 
symbolic graphical description, the direction of movement along the longest skeletal 
line and the distance between line and organelle centre. These features were used to 
identify and characterise different modes of movement in accordance with the 
principles of acto-myosin dependent locomotion as elucidated by the following 
examples. First example, the distance between the longest skeletal line and the 
organelles centre corresponds to the probability of attachment of the organelle to the 
hypothetical actin filament. Second example, the direction of movement on the longest 
skeletal line relates to the amount of linear movement in the trajectory. Finally, 
selected features were employed to define non-subjective classification criteria. A 
hierarchical ranking of the movement patterns was obtained based on the probability 
that the movement is generated by an actin filament (indicated by presence and length 
of linear movement, number of alternations between linear and Brownian-like 
movement) and the number of possibly involved filaments (indicated by linear 
movement in two directions and serious branching of the graph). 
Region-based curve analysis was applied to 81 organelle trajectories located in 
the apical 18 μπι of a pollen tube. 74 of the 81 tested organelles showed a constant 
attachment between organelle and longest skeletal line and no lateral branches longer 
than the radius of the organelle, which supported our opinion that the longest skeletal 
line could represents an actin filament. Additional analysis of the seven other 
organelles indicated that the movement of five of these organelles was probably based 
on two or three filaments. 17 from the 81 trajectories were completely linear, 17 were 
completely non-linear (Brownian-like movement) and 47 showed alternating linear and 
non-linear movements (saltatory movement), with up to 9 alternations per trajectory. 
These results show that it is possible to generate highly diverse movements by a 
general mechanism of actin-myosin interaction. Both regulation of the acto-myosin 
interaction and obstructions by other organelles or cytoskeletal elements could toggle 
the organelle movement. Thus, the analysis of the region of movement rather than the 
reconstructed trajectory allowed us to predict relations to the underlying actin 
filaments. 
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Chapter 5 
Chapter 5 adds a different dimension to the study by focusing on the behaviour of 
organelles in pollen tubes of the gymnosperm pine The cellular organisation and 
pattern of organelle movement of gymnosperms differ from those of angiosperme, such 
as tobacco In pme, pollen grams germinate very slowly Also the tubes grow slowly 
and usually ramify after a few days of culture The vesicles are not organized m a clear 
secretory cone, and large organelles do not show any zonation, except for 
mitochondria which are preferentially found near the plasma membrane The 
ultrastructure of the mitochondria indicates low respiratory activity Rhodamine-
phalloidin Stauung showed extensive arrays of actm filaments with a gross axial 
orientation (this study) and also myosin is abundantly present (Terasaka and Niitsu, 
1994) Despite the existence of an intact acto-myosin cytoskeleton, organelle 
movement is mainly Brownian-like, with only a small part of the population of 
organelles showing saltatory or linear movements The general patterns of the linear 
movements were circulatory These observations are in agreement with the assumption 
that a slow movement of organelles directly relates to a low growth rate, low metabolic 
activity and poor tip-to-base zonation of organelles in pollen tubes (Derksen et al 
1995) 
General conclusions 
1 The present thesis shows the power of mathematical analyses on large amounts of 
data from particle movements, m this case from organelles The data were collected 
using a semi-automatic method combimng VEC-microscopy, operator-controlled 
acquisition of positional data and processing with the SAS system and the 
SCILImage environment 
2 Arithmetical dissection and Region-based curve analysis are the most effective 
methods to quantify and analyze organelle movements m a statistically reliable 
manner Determination of Regularity quotients and Progressiveness ratios gives 
similar but less detailed information 
3 All organelles in tobacco pollen tubes move in a highly individual way, and the 
sum of all movements is seen as a reverse fountain-like streaming pattern There 
are no indications for bulk flow of the cytosol 
4 The movement patterns show longitudinal differentiation in the pollen tube 
Movement is Brownian-like in the tip and becomes gradually more vectorial and 
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rapid with increasing distance from the tip. From about 19 ц т onwards the 
movements have obtained general, although variable, patterns and velocities. 
5. Organelles in tobacco pollen tubes show radial differentiation of their movement 
direction: lanes with tip-directed movement along the flanks, grain-directed 
movement in the centre and bidirectional movements in between can be 
reconstituted. Mean velocities showed significantly different averages between the 
distinct lanes and were lowest in the bidirectional lanes. 
6. The results suggest that actin filaments have opposite polarity in the peripheral and 
central region. 
7. The results suggest that movement patterns are influenced by the local 
environment. The velocity of movement is probably inhibited by steric hindrance in 
bidirectional lanes and enhanced by slip-stream effects in the unidirectional lanes. 
8. Analysis of the region of movement allowed us to predict relations to an underlying 
hypothetical actin filament for most organelle trajectories. In some cases the 
involvement of more than one filament was more likely. 
9. It is possible to classify organelles on the probability that the movement is 
generated by an actin filament, the number of possibly involved filaments and the 
alternations between linear and Brownian-like movement. 
10. The cellular organization of pine pollen tubes differs greatly from that in tobacco: 
there is no zonation of the large organelles. Organelle movement in pine is 
generally slower than in tobacco and most organelles move Brownian-like, 
although an extensive actin filament skeleton and myosin are present. 
11. The observations in these two species are in agreement with the assumption that 
organelle movement in pollen tubes is related to the metabolic activity and the 
growth rate, and eventually to the rate of sexual reproduction. 
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Samenvatting 
Dit proefschrift handelt over de beweging van in vitro gekweekte organeilen in 
pollenbuizen van tabaksplanten (Nicotiana tabacum) en dennen (Pinus sylvestris). De 
organelbeweging is waarschijnlijk ontstaan als ondersteuning van de diffusie bij de 
distributie van cytoplasmatische en nucleaire producten in grote cellen. Men neemt aan 
dat deze ondersteuning essentieel is voor het onderhouden van de hoge metabolische 
activiteit en snelle groei in pollenbuizen, en, in een breder perspectief, voor het 
bereiken van een snelle sexuele voortplanting bij hogere plantensoorten. 
Hoofdstuk 1 
De inleiding beschrijft de polaire morfologie en de cytoplasmastroming in 
pollenbuizen naast enkele vraagstukken over de beweging van organellen in deze 
cellen. Een intrigerend probleem dat aan het begin van dit onderzoek duidelijk werd is 
de paradox russen de individualiteit van de bewegingen van afzonderlijk organellen en 
de algemene, op een omgekeerde fontein lijkende, stroming van het cytoplasma. Een 
ander belangrijk vraagstuk was de relatie tussen de organelbewegingen enerzijds, en de 
typische karakteristieken van pollenbuizen anderzijds. Dit zijn de cylindrische vorm, 
de manier van groeien (uitsluitend aan de top), de polaire ordening van het cytoplasma 
en vooral het actine-myosine cytoskelet. 
Hoofdstuk 2 
Om de vraagstukken, genoemd in hoofstuk 1, aan te kunnen pakken, moest er een 
grote hoeveelheid gegevens over de beweging van organellen verzameld worden. 
Hiertoe werd een procedure ontwikkeld op basis van bestaande systemen maar met 
specifieke wijzigingen (zie de uitgebreide beschrijving hiervan in hoofdstuk 2). De 
methode combineerde de hoge resolutie van het interferentie-microscoop met contrast 
versterking door video-microscopie (uitgevoerd in het laboratorium van Prof. Dr. W. 
Uri en Dr. I. Lichtscheidl aan de Universiteit van Wenen) en met metingen aan series 
van gedigitaliseerde beelden met een Video Image and Data Analysis System (VIDAS, 
beschikbaar gesteld door Prof. Dr. E. Roubos, Experimentele Zoölogie, KUN). In het 
kort, video-opnamen van organellen in pollenbuizen van tabaksplanten werden met een 
vast interval omgezet in digitale beelden, de zichtbare organellen werden interactief 
getraceerd door hun plaats in de cel vast te leggen via een met de computer verbonden 
grafische tafel. Deze fase in het onderzoek kon niet volledig geautomatiseerd worden 
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door de variatie in contrast, grootte en gedrag van de afzonderlijke organellen Doordat 
de lange as van de pollenbuis als de x-as genomen werd, met de top van de buis als 
oorsprong voor de x.y-coordinaten, konden alle bewegingen gerelateerd worden aan 
werkelijke locaties m de cel en vergeleken worden met bewegingspatronen op andere 
plaatsen of in andere pollenbuizen De opgeslagen posities werden verwerkt, 
vergeleken en wiskundig geëvalueerd met behulp van modulen van het SAS Systeem 
Hoofdstuk 2 geeft eveneens een kritische bespreking van mogelijke ruis en meetfouten, 
evenals een statistische evaluatie van de grootte van de steekproef Aangetoond werd 
dat met de gevolgde procedure een uitgebreide verzameling gegevens met een hoge 
mate van reproduceerbaarheid en voldoende nauwkeurigheid voor verder 
wetenschappelijk onderzoek verkregen kan worden 
Hoofstuk 3 
De gegevens die met de hierboven genoemde methode verzameld werden, 
werden gebruikt om ongeveer 900 organeltrajecten te reconstrueren, voorbeelden 
hiervan worden in dit hoofstuk getoond Al deze trajecten waren verschillend 
Hoofstuk 3 werkt vier methoden uit voor wiskundige analyse van organelbewegmgen 
Mean square displacement (MSD), Regularity quotient, Progressiveness ratio en 
Arithmetical dissection Met behulp van de МЖ-methode (Qian et al 1991) is het 
mogelijk het gedrag van een populatie organellen te kwantificeren m termen van de 
verspreiding m de tijd Een conclusie kon echter met verkregen worden vanwege de 
strenge entena voor een betrouwbare berekening van de MSD Het Regularity quotient 
(Qr, Jarosch, 1956) is een modificatie van de MSD-methode De Qr drukt zowel de 
rechthjningheid van de bewegingen als de uniformiteit van hun snelheden in een 
populatie uit De Qr waarde steeg met de afstand van de top en toonde daarmee een 
overgang van willekeurig lijkende bewegingen in de top van de pollenbuis naar een 
meer genchte manier van bewegen m het centrale deel van de buis aan De 
Progressiveness ratio (P, Overstreet et al 1979) is de verhouding tussen de netto 
verplaatsing en de werkelijk afgelegde afstand In tegenstelling tot MSD en Qr, die 
waarden geven voor populaties, geeft de Ρ informatie over de rechtheid van 
individuele trajecten De Progressiveness ratio het eveneens een geleidelijke 
verandenng zien van een tnllende beweging in de top van de buis naar een geordende 
stroming in de buis zelf 
Meer gedetailleerde informatie werd verkregen met de nieuwe methode van 
Arithmetical Dissection, die speciaal voor dit onderzoek aan pollenbuizen ontworpen 
Chapter 7 
is. Tien verschillende typen bewegingen konden onderscheiden worden, afhankelijk 
van de veranderingen in x- en _y-coördinaten in de opeenvolgende posities van een 
organel (zie Fig. 1 in hoofdstuk 3). Deze bewegingstypen identificeerden trajecten of 
gedeelten daarvan met verschillende bewegingsrichtingen ten opzichte van de cel-
assen. Polulaties van trajecten in 6 μπι brede gebieden werden gekwantificeerd door 
middel van Distance fractions, Time fractions en de snelheid van bepaalde 
bewegingstypen. Hierdoor werd een relatie rassen bewegingspatronen en de topografie 
van de pollenbuis aangetoond: organelbewegingen vertoonden zowel een longitudinale 
(langs de as) als een radiale (loodrecht daarop) differentiatie. Langs de as waren de 
bewegingen veelal ongericht in de top en werden ze geleidelijk gerichter en sneller 
naarmate ze verder van de top af plaats vonden. Vanaf ongeveer 19 цт hebben de 
bewegingen variabele patronen maar zijn ze 'normaal'. Bepaalde bewegingstypen 
bleken bij voorkeur in bepaalde lanen voor te komen die rondom de as gerangschikt 
waren. Naar de korrel gerichte bewegingen kwamen in een centrale laan voor, langs de 
celwanden werden lanen met naar de top gerichte bewegingen waar genomen, en er 
tussen in bevonden zich lanen met bewegingen in twee richtingen. De gemiddelde 
snelheden waren duidelijk verschillend tussen de verschillende lanen en waren het 
laagst in lanen waarin bewegingen in twee richtingen voorkwamen. 
De resultaten die in dit hoofdstuk getoond worden, verenigen het oude model van 
een algemeen, op een omgekeerde fontein lijkende, stromingspatroon (Iwanami, 1956) 
met recente waarnemingen over de individualiteit van de beweging van afzonderlijke 
organellen. Beide concepten zijn niet in tegenspraak met door een myosine 
aangedreven beweging van organellen langs actine-filamenten. Het waargenomen 
patroon van de cytoplasmastroming is de som van de individuele bewegingen van alle 
organellen. Er bestaan geen aanwijzingen voor een massastroming van het cytosol met 
zijn bestanddelen, zoals bijvoorbeeld is beschreven voor Chara en Nitella (Kuroda, 
1990). Aan de andere kant lijkt het heel aannemelijk dat specifieke omstandigheden 
van de top, de gebieden langs de wand en het centrale gedeelte invloed hebben op de 
kenmerken van de bewegingen. Het is onontkoombaar aan te nemen dat de actine-
filamenten een tegengestelde richting hebben in de lanen langs de wand en in het 
centrale gedeelte van de pollenbuis. De bewegingssnelheid wordt waarschijnlijk in de 
lanen met tweerichtingsverkeer verlaagd door sterische hindering en in de lanen met 
eenrichtingsverkeer vergroot door "slip-stream" effecten. Met de huidige kennis is het 
niet mogelijk de verschillende invloeden met zekerheid te noemen, maar de 
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aanwezigheid van een steile calciumgradient in de top (Pierson et al 1994, Miller et al 
1996) en variaties in viscositeit kunnen een rol spelen 
Hoofdstuk 4 
Hoofdstuk 4 beschrijft een andere benadering, Region-based curve analysis 
genoemd, waarmee organeltrajecten geanalyseerd en geclassificeerd kunnen worden 
Deze methode werd m samenwerking met de Universiteit van Amsterdam ontworpen, 
waarbij gebruik gemaakt werd van de SCIL-Image beeld verwerkings omgeving 
(Worring and de Win, 1996) Deze methode maakt gebruik van de vormen van de 
trajecten en de omvang van de organellen om de (hypothetische) actme filamenten 
waarlangs de (met myosine bekleedde) organellen bewegen te kunnen bepalen 
Allereerst werd om elke positie van het organel een gebied ter grootte van zijn 
oppervlak geprojecteerd Dit gaf een overzicht van het totale gebied waarin het organel 
zich bewoog Vervolgens werd dit gebied gereduceerd tot een skelet met de breedte 
van één beeldelement overbleef Aangenomen werd dat de langste lijn in dit skelet de 
basale bewegingslijn vormde en dat deze hypothetisch overeenkwam met een actme 
filament Region-based curve analysis geeft een symbolische grafische beschrijving 
van het traject en een reeks posities gelegen op de langste skeletlijn die een alternatief 
vormen voor de oorspronkelijke posities Hoofdstuk 4 beschrijft 12 kwantitatieve 
kenmerken die afgeleid zijn van de symbolische grafische beschrijving, de 
bewegingsrichting langs de langste skeletlijn en de afstand tussen de skeletlijn en het 
middelpunt van de organel Deze kenmerken werden gebruikt om de verschillende 
manieren van bewegen te identificeren en te karakteriseren in overeenstemming met 
de principes van actine-myosine-afhankelijke bewegmg, zoals toegelicht met de 
volgende voorbeelden Voorbeeld 1, de afstand tussen de langste skeletlijn en het 
middelpunt van het organel geeft de waarschijnlijkheid aan van contact tussen het 
organel en het hypothetische actine filament Voorbeeld 2, de bewegingsrichting op de 
langste skeletlijn geeft de mate van lineaire (gerichte) beweging in een traject aan 
Tenslotte werden een aantal van de kenmerken gebruikt om ruet-subjectieve 
classificatiecriteria te definieren Een hierarchische rangschikking van de 
bewegingspatronen werd gebaseerd op de waarschijnlijkheid dat de beweging 
gegenereerd werd door een actine filament (aangegeven door de aanwezigheid en de 
lengte van lineaire beweging en het aantal afwisselingen tussen lineaire en Brownse 
bewegingen) en het aantal mogelijk betrokken filamenten (aangegeven door lineaire 
bewegingen in twee richtingen en door aanzienlijke vertakkingen van het skelet) 
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Region-based curve analysis werd toegepast op 81 organeltrajecten in de 
bovenste 18 μιη van een pollenbuis. 74 van de 81 onderzochte organeilen gaven een 
skelet met constant contact tussen het organel en de langste skeletlijn en geen 
vertakkingen die langer waren dan de straal van het organel. Dit ondersteunde ons 
vermoeden dat de langste skeletlijn een actinefilament kan weergeven. Nadere analyse 
van de andere zeven organellen wees erop dat de beweging van vijf van hen 
waarschijnlijk gebaseerd was op twee of drie filamenten. 17 van de 81 trajecten waren 
volkomen lineair, 17 trajecten waren volkomen a-lineair (Brownse bewegingen) en 47 
vertoonden afwisselend lineaire en a-lineaire bewegingen ("saltatory" =springende 
bewegingen) met maximaal 9 wisselingen per traject. Deze resultaten tonen aan dat het 
mogelijk is een range van verschillende bewegingen te genereren met een het algemene 
mechanisme van actine-myosine interactie. Overgangen naar van de ene naar een 
andere manier van bewegen kunnen veroorzaakt worden zowel door regulatie van de 
interactie tussen aerine en myosine als door stremmingen veroorzaakt door andere 
organellen of elementen van het cytoskelet.' De analyse van het gebied van bewegen in 
plaats van het gereconstrueerde traject maakte het mogelijk relaties met de 
onderliggende actine filamenten te voorspellen. 
Hoofdstuk 5 
Hoofdstuk 5 voegt een nieuwe dimensie toe aan het onderzoek door het gedrag 
van organellen in pollenbuizen van een naaktzadige, namelijk de den, te analyseren. 
Bij deze soorten verschilt de cellulaire organisatie en het patroon van 
organelbewegingen van die van bedektzadigen zoals de tabaksplant. Pollen van dennen 
ontkiemen en de pollenbuizen groeien erg langzaam. Vaak vertakken ze zich na enkele 
dagen. De grote organellen tonen geen enkele zonatie, behalve de mitochondriën die 
vooral bij de plasmamembraan aangetroffen worden. De secretieblaasjes zijn niet in 
een duidelijke kegelvorm in de top gegroepeerd. De ultrastructuur van de 
mitochondriën wijst op een lage ademhalingsactiviteit. Rhodamine-phalloidine 
kleuring liet omvangrijke bundels van actine filamenten met een globale axiale richting 
zien (dit onderzoek) en ook myosine bleek in grote hoeveelheden aanwezig te zijn 
(Terasaka en Niitsu, 1994). Ondanks dat er een intact actine-myosine cytoskelet 
bestaat, zijn de organelbewegingen hoofdzakelijk Browns, en slechts een klein deel 
van de organellenpopulatie vertoont "springende" of lineaire bewegingen. Deze 
bewegingen vormen samen een circulatie patroon. Deze observaties zijn in 
overeenstemming met de aanname dat een trage organelbeweging direct in verband 
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staat met een lage groeisnelheid, een lage metabolische activiteit en een vnjwel 
afwezige polaire ordening van het cytoplasma m pollenbuizen (Derksen et al 1995) 
Algemene conclusies 
1 Dit onderzoek laat de potentie van het wiskundig analyseren van grote hoeveelheden 
gegevens over de bewegmg van deeltjes, in dit geval organelbewegingen zien Bij 
het verzamelen van de gegevens werd gebruik gemaakt van een half-automatische 
methode die een combinatie was van video-microscopie, interactieve coördinaat-
metingen aan digitale beelden en analyses met het SAS-systeem en de SCIL-Image 
omgeving 
2 Arithmetical dissection en Region-based curve analysts zijn uiterst effectieve 
methoden om organelbewegingen op een statistisch verantwoorde manier te 
kwantificeren en te analyseren Bepalmg van Regularity quotients en 
Progressiveness ratios levert vergelijkbare, maar minder gedetailleerde informatie 
op 
3 Alle organellen m de pollenbuizen van tabaksplanten bewegen op een zeer 
individuele manier, en de som van alle bewegingen is te zien als een 
stromingspatroon dat lijkt op een omgekeerde fontein Er zijn geen aanwijzingen 
voor massastroming van het cytosol 
4 De bewegingspatronen laten longitudinale differentiatie m de pollenbuis zien De 
beweging is Browns m de top en wordt gerichter en sneller naarmate de organellen 
verder van de top verwijderd zijn Vanaf ongeveer 19 цт zijn de 
bewegingspatronen en -snelheden vanabel maar "normaal" 
5 De bewegingsrichtingen laten een radiale differentiatie m de pollen buis zien een 
centrale laan met bewegingen naar de korrel, lanen met naar de top gerichte 
bewegingen langs de kanten en er tussen m lanen met bewegingen in twee 
richtingen kunnen gereconstitueerd worden De gemiddelde snelheden zijn duidelijk 
verschillend voor de verschillende lanen en waren het laagst m de lanen met 
tweerichtingsverkeer 
6 De resultaten suggereren dat actine filamenten een tegengestelde richting hebben in 
het centrale en het perifere deel van een pollen buis 
7 De resultaten suggereren dat de bewegingspatronen beïnvloed worden door de 
plaatselijke omgeving De bewegingssnelheid wordt waarschijnlijk verlaagd door 
141 
Chapter 7 
sterische hindering in de lanen met tweenchtingsverkeer en verhoogd door "slip-
stream" effecten in de lanen met eenrichtingsverkeer. 
8. Analyse van het gebied van bewegen maakte het mogelijk relaties met een 
onderliggend, hypothetisch, aerine filament te voorspellen voor de meeste 
organeltrajecten. In sommige gevallen was het waarschijnlijk dat er meer dan één 
filament bij de beweging betrokken zou zijn. 
9. Het is mogelijk om organelbewegingen te classificeren op de waarschijnlijkheid dat 
de beweging gebeurt over (hypothetische) actinefilamenten, op hun aantal en op de 
afwisselingen tussen lineaire en Brownse bewegingen. 
10. De cellulaire organisatie van pollenbuizen van de den verschilt sterk van die van 
pollenbuizen van tabak: er is geen indeling in zones van de grote organellen. 
Organelbewegingen bij dennen zijn over het algemeen langzamer dan bij tabak en 
de meeste organellen bewegen op een Brownse manier, terwijl toch zowel een 
uitgebreid actine-skelet als myosine aanwezig zijn. 
11. De observaties by deze twee soorten zijn in overeenstemming met de aanname dat 
organelbewegingen in pollenbuizen gerelateerd zijn aan de metabolische activiteit 
en de groeisnelheid, en daaruit voortvloeiend aan de snelheid van sexuele 
reproductie. 
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Zouden organeilen ook gewoon naar hun werk en terug fietsen"? Dat vroeg ik me wel 
eens af als ik naar het station fietste Net als de organeltrajecten die ik bestudeerde, leken 
mijn fietstochtjes altijd hetzelfde, maar de ene dag had ik wind mee en de andere dag zag 
ik de trein door een heleboel regenwater wegrijden De zie wel meer situaties die analoog 
(of is het anna-loog9) lijken met het leven m een pollenbuis Het schrijven van een 
proefschrift bijvoorbeeld Harry, Twan, Ton, Barend, Wim, Jaap, Maurice en de AiO's van 
boven, we zijn allemaal met vaart op weg gegaan naar de top Na een paar jaar kom je m 
een dip en lijkje doelloos rond te zwalken Als je daar uit komt, komt er steeds meer 
richting en snelheid m je verhaal Toch is ieders route anders Ieder van ons vindt andere 
obstakels op zijn weg en heeft op een andere manier profijt van zijn voorgangers of niet 
De lokale vanarles hebben ook hun invloed, de humor, de kleine gesprekken over 
dagelijkse dingen en de mensen om je heen Tineke, Mieke, Yvonne, Else, Huub, Bart, 
Koen, Richard, René en Titti Goede herinneringen heb ik ook aan discussies met Sjra en 
Herman en aan de buitenlandse gasten Fiona, Monica, Hyun Sook, Domenico en Ana 
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Inmiddels gaan mijn dagelijkse fietstochten naar een ander station en een andere 
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dit proefschrift 
Mijn ouders bedank ik voor de vrijheid die ik kreeg om te gaan studeren Bert heeft 
veel van mijn bewegingen van dichtbij kunnen volgen Samen zijn we er doorheen gefietst 
Ik ben heel blij met alle fietsjes die je voor de omslag tekende Bedankt 
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Genesis 32:22-29 
Toen stond hij in die nacht op, waarschuwde zijn familie, en trok de doorwaadbare 
plaats van de Jabbok over. Hij had al zijn bezittingen naar de overkant van de rivier 
gebracht en was alleen achtergebleven. En iemand worstelde met hem, tot het aanbreken 
van de dageraad. Toen de onbekende merkte dat hij Jakob niet aankon, stompte hij hem bij 
de worsteling boven de heup, zodat die ontwricht werd. Daarop zei de ander: 'Laat me 
gaan, want de dag is aangebroken.' Maar Jakob antwoordde: 'Ik laat u niet gaan tenzij u mij 
zegent.' De ander vroeg hem: 'Hoe is uw naam?' 'Jakob,' antwoordde hij. De ander zei: 
Voortaan zult u geen Jakob meer heten, maar Israël, want u hebt gestreden met God en 
met mensen, en u hebt overwonnen.' Jakob vroeg hem: 'Zeg mij uw naam.' Maar de ander 
zei: Waarom vraagt u naar mijn naam?' Toen gaf hij hem ter plaatse zijn zegen. 
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Stellingen behorende by het proefschrift door A H N de Win 
'Quantitative analysis of organelle movements in pollen tubes' 
1 Cytoplasmastroming is de som van alle afzonderlijke bewegingen van de 
organellen 
Dit proefschrift 
2 Een regionale analyse is essentieel voor de detectie van positie-afhankelijke 
verschillen m bewegingen 
Dit proefschrift 
3 Voor objecten met een relatief kleine verplaatsing per tijdseenheid ten opzichte 
van hun omvang levert een analyse op basis van het bewegingsgebied (region-
based curve analysis) beter bruikbare informatie over de bewegingsrichting dan 
vector-analyse 
Dit proefschrift 
4 In een pollenbuis kunnen tegelijkertijd een sterke cytoplasmastroming en 
organelzonaties voorkomen door plaatselijke en tijdelijke (biochemische of 
fysische) regulatie van de organelbeweging 
Derkscn et al 1995, Protoplasma 188 267-276 en dit proefschrift 
5 Een snelle cytoplasmastroming kan mogelijk de turgordruk op de celwand 
verminderen, naar analogie van de wet van Bernoulli de druk op de wand van een 
buis neemt af naarmate de snelheid van een langstromend gas of vloeistof groter 
wordt 
Daniel Bernoulli, 1738, Hydrodynamica, Argen Torati, Frankrijk 
6 Een snelle groei vraagt om een hoge organisatiegraad van de relevante processen 
7 Ondanks de toenemende informatisering heeft de gemiddelde mens steeds minder 
kennis over zichzelf 
8 De eerste generatie die gaat studeren zal de top niet bereiken 
Uitspraak gedaan door S Poels hoofd lagere school te Budschop Nederweert, 1977 
9 De RK-kerk in 1997 is een actieve vrijwilligersorganisatie met een loodzwaar 
hierarchisch verleden 
10 De geloofsopvoeding van kinderen is te belangrijk voor de toekomst van de kerk 
om alleen aan de scholen over te laten 
11 Net als fietsen is katechese iets watje eerst moet leren doen Daarna bepalen de 
voorbeelden van je omgeving vaak hoe je het gebruikt of beoefent 
12 Het plaatsen van tenten bij bedrijven m gebieden met varkenspest wekt ten 
onrechte de indruk dat er feest is 
Naar uitspraken van J , N , en Τ de Win 



